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Preface 


The  Structures  and  Materials  Panel  has  been  involved  in  studies  of  fatigue  and  fracture  of  critical  jet  engine  components  for 
many  years.  In  19S2  a  Sub-committee  oo  "Damage  Tolerance  Concepts  for  Critical  Engine  Components”  was  formed  to  study 
the  overall  philosophy  and  the  implications  of  introducing  damage  tolerance  concepts  (DTC)  into  the  design  and  use  of  critical 
engine  components. 

The  damage  tolerance  philosophy  offers  potential  cost  savings  of  considerable  magnitude  when  compared  with  a  "safe-life” 
approach  provided  such  a  concept  can  be  implemented  with  an  assurance  that  current  safety  standards  will  not  be  prejudiced. 
As  an  example  of  possible  savings,  it  has  been  estimated  that  over  80%  of  engine  discs  have  ten  or  more  low  cyde  fatigue  lives 
remaining  when  discarded  under  "safe-life”  rules,  and  it  is  the  useful  remaining  life  that  DTC  aims  to  exploit  in  service.  Apart 
from  economic  advantages,  the  DTC  approach  offers  a  practical  method  for  using  modern  high-strength  disc  materials  that 
could  be  rejected  by  the  application  of  “safe-life”  conditions  of  usage. 


In  1983  the  Sub-comnattce  cm  Damage  Tolerance  Concepts  of  Critical  Engine  Components,  under  the  chairmanship  of  DA. 
Fanner  (UK),  organized  a  Cooperative  Test  Programme  on  Damage  Tolerance  in  Titanium  Alloy  Engine  Disc  Materials.  A 
separate  Sub-committee  on  Engine  Discs  Cooperative  Tests  was  formed  to  direct  this  activity.  Over  the  years  the  following  Panel 
members  participated  in  the  sub-committee: 


A.  Ankara  (TU) 

HAL  Burte  (US) 

HJ.G.  Canaihinhos  (PO) 

MN.  Clark  (CA).  Chairman  19S3-S5 
D.  Coulsouradis  (BE) 

J J.  De  Lucria  (US) 

Gl_  Denman  (US) 

A.  Deruyttcre  (BE) 

XL  Doruk  (TU) 

CN_  Ecooomidrs  (GR) 

W.  Elber  (US) 

D-A.  Fanner  (UK) 
lEEN.  Goocak)  (PO) 
L.Grabo*ski(UK) 
G.Gnieninge«-(GE) 

JJ.  Kacprzynski  (GA)Chsinnan  19S6- 


L-  Kompotiatis  (GR) 

R.  Labcwrdelle  (FR) 

J  Si-leach  (UK) 

Mrs.  CE-W.  (Anita)  Looije  (NL) 
BT.  Peters  (CA) 

Cl_  Petrin  (US) 

R  Potter  (UK) 

A-Sahetti(Tr) 

R  Schmidt  (US) 

HP.  van  Lecuwea  (NL) 
SI_Vermeri(US) 

AP.  Ward  (UK) 

J  J.  Wakbaan  (US) 

W.  Wallace  (CA) 
FLZocher(GE) 


As  a  result  of  die  very  large  size  of  the  test  programme,  it  appeared  to  be  convenient  from  an  administrative  point  of  view  to 
dhi<fc  it  imoaCcae  Programme  followed  by  Supplemental  Programmes.  In  the  Gore  Programme  all  die  laboratories  performed 
identical  fatigue  and  fracture  tests  for  one  material,  Ti-6A1-4V.  at  constant  amplitude  and  at  room  temperature. The  summary  of 
these  tests  is  included  in  AGARD  Report  766. 


For  die  Supplemental  Programme,  three  materials  were  tested.  H-6Al-fV,  *MI  685  and  Tj-17.  under  both  constant  amplitude 
and  under  variable  ampfcude  TURBISTAN  loading  sequences  Tests  were  performed  at  room  temperature;  high  temperature 
tests  became  a  separate  activity  and  will  be  reported  in  another  report.  Five  crack  growth  models  were  evaluated  and  their 
predictions  were  verified  by  experimental  data. 


In  the  Supplemental  Programme  13  laboratories  participated  and  were  represented  by  23  participants  from: 

Europe:  CEAT,  Toulouse  France 

FFA.  Stockholm.  Sweden 
IABG.  Oaobnam,  Germany 
NLR.  Amsterdam,  The  Netherlands 
RAE.Farnboroogh.UK 
Rods  Royce,  Derby.  UK 
University  ot  Pisa.  Italy 


North  America  AFML.Daytoa.US 

NADC  Warminster.  US 
LAR/NRCC,  Ottawa.  Canada 
NASA  Langley 
QETE.  Ottawa.  Canada 
University  of  Toronto.  Canada 


T.  Paniessus,  E.  Jany 
A.Blom 

P.  Healer,  W.  Schutz 

CE-W.  (Anita)  Looije,  RJJE  WanM 

G  Gostdow;  G  WTBansoa 

R  JeaL  G  Hordand.  L.  GrabowskL  XL  Walsh 

A-Frcdiazn 

G  Hannsworth,  J.  Rusdtau.  A.  Krawczvk 

E.ULee 

XfD.Razzennc 

J.  Newman 


XL  Yanishcvsky 
D.  McCammond,  R  Soolcy 

T.  Pardessus  and  E.  Jany  served  as  coordinators  for  Europe  and  XLD.  Raizcnnc  for  North  America. 


The  present  Report,  written  by  1!  authors,  includes  the  summary  of  tests  and  analysis.  All  the  test  data  from  both  the  core  and 
the  supplemental  programme  are  stored  at  the  Institute  for  Aerospace  Research  at  the  National  Research  Council  of  Canada, 
and  arc  available  on  request. 

Finally  it  has  to  be  emphasized  that  research  of  this  size  and  complexity  can  be  performed  only  as  a  collaborative  programme, 
not  only  due  to  reasons  of  costs  but  also  by  the  need  to  bring  together  experts  from  different  areas  and  countries  and  by 
encouraging  the  exchange  of  ideas  and  expertise 

Many  thanks  to  all  participants  for  their  valuable  contribution  in  tests,  analysis  and  in  the  preparation  of  this  Report.  Many 
thanks  to  the  members  of  the  Sub-committee  who  over  the  years  patiently  served  with  guidance.  Thanks  to  AGARD  for  making 
it  possible. 

J  J.  Kacprzynski 
Chairman  19S6- 
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Abstract 


The  Report  describes  fatigue  and  crack  growth  tests  of  T1-AI6-  ‘V,  IMi  685  and  71- 17  specimens  under  constant  amplitude  and 
under  variable  amplitude  TURBISTAN  loading  sequences  at  room  temperature.  Fhe  crack  growth  models  are  evaluated  and 
compared  against  experimental  data.  Mkrastructure  and  fractography  data  for  the  tested  materials  are  also  presented. 


Resume 


Ce  rapport  dccrit  Its  resultats  dessais  de  fatigue  o&gocytiique  et  de  propagation  des  fissures  de  fatigue  sous  des  soQotarioES 
damnlitude  coretante.  ou  sous  chargement  TURBISTAN  a  amplitude  variable,  pour  des  cchantillons  de  Ti6AJ4V.  dc  1MI6S5 
cl  dc  Tin.  a  ia  temperature  ambtanie.  Gnq  modeks  de  croissance  des  fissures  soot  evalucs  en  fooction  des  resultats 
cxperimsntaux.  La  nsicrostructure  des  materiaux  ct  les  fades  de  surface  de  rupture  soot  egalemcnt  presentes. 


Contents 


Page 

Preface  jj 

Structures  and  Materials  Panel  v 

Abstract/Resume 

Chapter  1  The  AGARD  SMP  Engine  Disc  Cooperativ  e  Test  Programme  1-1 

by  MX).  Raizeane 

Chapter  2 

Parti  Fractographic  and  Microstnictural  Analysis  of  Fatigue  Crack  2-1 

Growth  in  Ti-6A1-4V  Fan  Disc  Forgings 
by  RJXX  Wanhm  and  CE.W.  Looije 

Part  II  Fractographic  Investigation  of  IMI 685  Crack  Propagation  Specimens  2-41 

forSMPSC33 

by  C.  Wilkinson  and  P.  H culer 

Part  III  Material  Characterization  and  Fractographic  Examination  of  Ti-1 7  2-45 

Fatigue  Crack  Growth  Specimens  for  SMP  SC33 
by  M.  Yanishcvsky,  B.  Cornwall  and  M.  Roth 

Chapter  3  Low  Cycle  Fatigue  Behaviour  of  Titanium  Disc  Alloys  3-1 

bv  CE.W.  Looije 

Chapter  4  Fatigue  Crack  Growth  Resells  forTi-6Al-4V,  IMI  685  and  Ti-1 7  4-1 

by  MX).  Raizennc 

Chapter  5  Crack  Growth  Prediction  Models  5-1 

by  E.  Jany  and  P.  Hcukr 

Chapter  6  Crack  Growth  Prediction  Results  6-1 

by  E.  Jam-.  O.  Rome  and  P-  HeuJcr 

Chapter  7  Conclusions  and  Recommendations  7-1 

by  P.  Hcukr.  W.  Schutz  and  E.  Jany 


1-1 


The  AGARD  SMP  Engine  Disc  Cooperative  Test  Programme 


MJ).  Ralzenne 

Institute  for  Aerospace  Research 
National  Research  Council  of  Canada 
Ottawa.  Ontario.  K1A0R6 


Since  the  late  1970‘s  there  has  been  a 
concerted  effort  in  the  gas  turbine  engine 
industry  to  enhance  the  safe-life  design  of 
rotating  engine  components  by  including 
damage  tolerant  lifing  methodologies  in 
the  design  process.  Damage  tolerant  lifing 
had  been  in  place  for  airframe  structures 
since  MIL  A-83444  |1]  was  introduced  in 
1971.  By  safety  adding  damage  tolerant 
lifing  to  the  component  design  process 
substantial  cost  savings  can  be  realized  in 
the  form  of  extended  component  lives. 

In  recognition  of  this  emerging  technology, 
the  AGARD  Structures  and  Materials  Panel 
formed  two  sub-committees  in  1982  to 
address  the  key  issues  in  this  area.  The 
first  sub-committee,  designated 
SMP/SC.27,  was  formed  to  organize  a 
specialists'  meeting  on  "Damage  Tolerance 
Concepts  for  Critical  Engine  Components' 
which  was  held  in  San  Antonio  Texas  in 
April  1985  12].  A  series  of  four  follow-on 
workshops  which  addressed  the  key  issues 
raised  at  the  specialists'  meeting  were  held 
in  1988  and  1989 13.4.5.6]. 

The  second  sub-committee,  designated 
SMP/SC.33.  was  formed  in  1983  to  organize 
a  test  programme  between  NATO  countries 
to  promote: 

•  familiarization  of  NATO  laboratories 
with  lest  techniques  for  damage 
tolerance  properties  of  engine  disc 
materials. 

•  standardization  of  test  specimen 
geometries  and  test  techniques  for 
engine  disc  materials,  and 

•  calibration  of  participating 
laboratories  through  a  round  robin  lest 
programme  using  low  cycle  fatigue  and 
fatigue  crack  growth  specimens. 

The  subcommittee  was  formalty  called  the 
"Engine  Disc  Material  Cooperative  Test 
Programme’. 

Through  the  use  of  typical  engine  disc 
materials.  T1-6A1-4V.  1MI  685  and  Ti-17. 
and  the  use  of  realistic  engine  loading 
sequences  the  Engine  Disc  Material 
Cooperative  Test  Program  was  intended  to 
establish  a  data  base  for  evaluation  of 


different  modelling  techniques  in  the 
prediction  of  fatigue  crack  growth  lives. 

The  SMP/SC.33  subcommittee  appointed  a 
European  and  a  North  American 
coordinator  to  set  the  round  robin  test 
programme  in  motion. 

The  Engine  Disc  Material  Cooperative  Test 
Programme  was  carried  out  in  two  parts. 
The  first  part  called  the  Core  Programme 
was  tightly  controlled,  limited  to  one 
material.  H-6A1-4V.  and  a  single  constant 
amplitude  loading  sequence  R  =  0. 1 .  There 
were  12  participating  laboratories 
representing  seven  countries  in  the  Core 
Programme.  The  round  robin  testing  was 
completed  in  1988  and  was  published  as  an 
AGARD  report  ]7J. 

The  second  part  of  the  programme  called 
the  Supplemental  Programme  expanded  the 
titanium  data  base  to  include  IMI  685  and 
11- 17.  The  number  of  loading  sequences 
was  increased  to  include  constant 
amplitude  and  variable  amplitude  loading. 
Five  different  crack  growth  models  were 
evaluated.  Thirteen  laboratories,  two  of 
which  had  not  participated  in  the  Core 
Programme.  NASA  Langley  and  the  FFA. 
participated  in  the  Supplemental 
Programme. 

The  purpose  of  this  report  is  to  present  the 
Supplemental  Programme  results. 

Chapters  Two  through  Seven  present  the 
microstructure,  fractography.  low  cycle 
fatigue,  fatigue  crack  growth  and  fatigue 
crack  growth  modelling  results 
respcctivefy.  Each  chapter  is  authored  by 
one  of  the  Supplemental  Programme 
participants. 

OVERVIEW  OF  THE  CORE  PROGRAMME 

The  intent  of  the  Core  Programme  was  to 
familarize  participants  with  state-of-the- 
art  test  techniques  using  a  well  behaved 
titanium  alloy.  T1-6A1-4V.  Detailed  test 
procedures  [8]  were  written.  Four  specimen 
geometries  were  selected,  two  investigating 
low  cycle  fatigue  properties  and  two  damage 
tolerance  properties  (Sec  Chapters  Three 
and  Four).  The  H-6A1-4V  material  for  the 


programme  was  provided  by  Rolls  Royce 
from  RB2 1 1  fan  disc  forgings. 

Tables  1  and  2  provide  a  list  of  the 
participating  laboratories  and  an  overview 
of  the  Core  Programme  lest  matrix.  There 
were  2 16  tests  carried  out  by  the  12 
participating  laboratories.  The  final  report 
concluded  that: 

•  standardization  of  test  specimens  and 
procedures  provided  a  basis  for  the 
comparison  and  calibration  of  the 
participating  laboratories. 

•  statistical  analysis  of  both  the  LCF  and 
the  fatigue  crack  growth  data  indicated 
no  deviating  test  results. 

•  potential  drop  technique  proved 
extremely  accurate  in  measuring  small 
flaw  sizes  for  both  initiation  (LCF)  and 
fatigue  crack  growth  specimens,  and 

•  a  sufficiently  large  data  base  on  Ti-6Al- 
•4V  was  generated  which  could  be  used  in 
the  Supplemental  Programme  for  life 
prediction  modelling. 

OVERVIEW  OF  THE  SUPPLEMENTAL 
PROGRAMME 

At  the  conclusion  of  the  Core  Programme 
the  participants  agreed  that  all  of  the 
original  programme  objectives  had  been 
achieved  and  that  a  Supplemental 
Programme  should: 

•  expand  the  titanium  data  base  to 
include  coarser  grained  alloys  such  as  {1- 
proccsscd  IMI  685  and  Ti- 17.  This 
would  increase  the  confidence  level  in 
the  potential  drop  system  in  detecting 
flaw'  initiation  and  growth. 

•  include  loading  sequences  that  would  be 
typical  of  those  experienced  by  engine 
compressor  discs.  The  supplemental 
programme  included  two  constant 
amplitude  sequences  and  five  variable 
amplitude  sequences  based  on  the 
Turbistan  loading  sequence  (9J. 

•  use  the  expanded  fatigue  crack  growth 
data  base  to  evaluate  state-of-the-art 
fatigue  crack  growth  modelling 
techniques. 

An  overview  of  the  Supplemental 
Programme  is  provided  in  Tables  3  and  4. 
Tire  disc  materials  for  the  Supplemental 
Programme  w-crc  provided  by  Rolls  Royce 
and  General  Electric.  A  second  set  of  test 
procedures  was  wTittcn  for  the  participants 
UOJ. 

Before  the  modelling  phase  of  the 
programme  started,  the  constant  amplitude 


crack  growth  data  was  collected  from  the 
participants,  collated  into  a  data  base  and 
forwarded  to  the  modelling  participants 
with  60  load  cases  to  be  modelled  (11).  Six 
participants  including  one  gas  turbine 
engine  manufacturer.  Rods  Royce. 
participated  in  the  modelling  phase  of  the 
programme.  The  modellers  did  not  have 
access  to  the  experimentally  generated  data 
for  the  load  cases  they  were  predicting.  The 
modelling  results  were  collected  and  a 
comparison  was  carried  out  between  the 
modelling  results  and  the  experimental 
data. 

The  contents  of  this  report  constitute  a 
major  effort  by  the  participating  NATO 
countries  to  determine  if  damage  tolerant 
lifing  methodologies  are  applicable  to  gas 
turbine  engine  disc  materials. 
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TABLE  2 

CORE  PROGRAMME 
Test  Matrix 


Type  of  Test 

LCF  Life  /  Crack  Formation 

Crack  Propagation  j 

i 

Test  Specimen 

Smooth 

Cylindrical 

Flat  Notched 

Kt  ~  2.2 

— 

Comer  Crack 

Compact  Tension  ! 

Number  of 
Specimens 

0 

6 

_ 

3 

3 

Crack  Detection 
Technique 

WBM 

PD  or  optical 

PD 

Test  Objective 

— 

to vd  life 

total  life  + 
initial  crack 
formation 

‘short’  crack 
range 

total  da/dN  -  AK 
curve  j 

i 

_  ! 
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FRACTOGRAPHIC  ASD  HICX0S7RDCTC5AL  ANALYSIS  OF 
FATIGUE  CRACK  C50STH  IS  Ti-6Al-4V  FAS  DISC  FORCINGS 


R.J.H.  Wat&ill  and  C.E.B.  Looije. 
Sasional  Aerospace  Laboratory  NLR. 
P.O.  Box  90S02.  100S  BM  Amsterdam 

The  Netherlands 


The  constant  amplitude  and  flight  simulation 
(TUH3ISTAS)  fatigue  crack  growth  behaviour  of  Ti- 
6A1-4V  fan  disc  forgings  tested  in  the  AGARS  engine 
disc  cooperative  test  progra amt  was  investigated  fay 
fractographic  and  aicros true rural  analysis.  The 
crack  growth  curve  shapes  and  fractographic 
characteristics  were  similar.  Transitions  in  the 
fatigue  crack  growth  curves  correlated  with  a 
change  from  structure-sensitive  to  continuum-mode 
crack  growth,  primarily  in  the  transformed  and  aged 
0  grains,  and  decreased  fracture  surface  roughness. 
The  transitions  were  most  pr  <faably  caused  by  the 
aartmm  plane  strain  cyclic  plastic  zone  sizes 
becoming  equal  to  and  exceeding  the  average 
platelet  a  packet  sizes.  The  significance  of  such 
transitions  for  prediction  of  fatigue  crack  growth 
and  service  failure  analysis  is  discussed. 


Ti-SAl-lKo  titanius  alloy  containing  nominally  8 
-1?  weight  Z  aluainiua.  i  weight  Z 

molybdenum  and  1  weight  Z  vanadium 
TC3BISTAS  TU23Ine  loading  STASdard 
CTS  ultimate  tensile  strength 


i  lyraoBcenos 

As  nart  of  the  NLP.  contribution  to  the  AGARS  engine 
disc  cooperative  test  prograame  [1]  the  constant 
amplitude  and  flight  simulation  (TEESISTAS)  fatigue 
crack  growth  properties  of  Ti-6Al-4V  fan  disc 
forgings  were  investigated  using  fractographic  and 
micros  true  rural  analysis.  This  type  of  analysis  is 
an  essential  background  to  selection  and  use  of 
fatigue  crack  growth  prediction  methods  and  to 
interpretation  of  the  prediction  results. 


Key  words:  fatigue  crack  growth.  T1-6A1-4V  titanium 
alloy,  microstructure,  fractography. 


SOWESCLATCHE 


a 
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e 

CORONA  5 


d 

da/dn 

C 


AK, 


•b- 


n 

P 

rT.rT.5j,rJ 


?. 

STA 

oy.eJ 


crack  length 

titaniw  alloy  phase  with  hexagonal 
close  packed  crystal  structure 
titanium  alloy  phase  with  body  centered 
cubic  crystal  structure 
titanium  alloy  containing  nominally  4.5 
weight  Z  aluainiua.  5  weight  Z 
aolybdenai  and  1.5  weight  Z  chromium 
grain  size 

fatigue  crack  growth  rate 

crack  driving  force  per  unit  thickness 

degree  of  clustering 

maximum  stress  intensity  factor 

crack  opening  stress  intensity  factor 

effective  stress  intensity  factor  range 

root  mean  value  of  effective  stress 

intensity  factor  range 

hypo transitional  and  hypertransitioral 

exponents  of  linear  approximations  to 

the  fatigue  crack  growth  curve 

number  of  cycles  or  flights 

packet  size 

maximum  load 

mono tonic  and  cyclic  plane  strain 
plastic  zone  dimensions  in  x  and  y 
directions 

stiess  ratio  io^./c — ) 

fracture  surface  roughness  parameters 

solution  treated  and  aged 

mzxiszs  and  minima  fatigue  stresses 

sonotonic  and  cyclic  yield  stresses 

(0.2  T  offset) 

titanium  alloy  containing  nominal ly  6 
weight  *  aluainiua  and  4  weight  Z 
vanadius 


2 _ nvrgTALS.  sppciKgt?  Ays  test  coromoss 

The  materials  were  TI-6A1-4V  titanium  alloy  fan 
disc  forgings  supplied  by  Rolls-Royce  for  the  AGARS 
prograame.  The  forging s  were  in  the  conventional 
(a  +  0)  solution  treated  and  aged  condition.  This 
STA  beat  treatment  results  in  a  duplex 
microstructure  of  primary  a  and  platelet  a  in  0. 

An  overview  of  the  specimens  and  test  conditions  is 
given  in  table  1.  Compact  tension  specimens 
conforming  to  ASTS  Standard  E3?9  were  machined  from 
disc  rim  locations  by  Rolls-Royce.  All  these 
specimens  were  oriented  with  the  loading  direction 
tangential  and  the  crack  growth  direction  radial. 
This  is  illustrated  in  figure  1.  which  also  shows 
that  the  discs  were  textured.  The  texture  was 
typically  moderate,  with  hexagonal  a  (G002I  planes 
parallel  to  the  radial  and  axial  directions  of  the 
discs  [1], 

Cylindrical  axial  fatigue  test  specimens,  diameter 
4.5  mm.  were  supplied  by  Rolls-Royce  for  the 
determination  of  mono tonic  and  cyclic  stress-strain 
curves.  These  specimens  all  came  from  disc  bore 
locations. 


1 _ KcCHASICAL  PROPERTIES 

Average  and  minims*  mechanical  properties  for  disc 
rim  locations,  in  the  tangential ' direction,  are 
given  in  table  2.  This  direction  has  been  chosen 
because  it  corresponds  with  the  loading  axis  of  the 
compact  tension  fatigue  crack  growth  specimens.  The 
cyclic  stress-strain  curves  for  disc  bore  locations 
were  determined  by  the  multiple  step  strain  method 
I3J.  Results  of  the  acnotonic  and  cyclic  tests  are 
compared  in  figure  2.  The  cyclic  yield  stess  was 
93  Z  of  the  monotonic  yield  stress.  This  is  in 
excel  let)-  agreement  with  the  results  of  oorcbert 
1*1- 


Ti -&A1-4V 


TA3LS  1 

Spfcisens  ami  use  conditions 


TEST  CONDITIONS .  TEST  B0CSE.  AND  SPECIM: 

3  CODE 

SPECIMEN 

DISC 

fatigue  cract.  crovih 

MCNOTCN1C 

TYPE 

LOCATION' 

CONSTANT 

AMPLITUDE 

AND  CYCLIC 
STRESS - STRAIN 

?.  -  0.1 

a  -  o.7 

TU33ISTAN 

CURVES 

Coup-act 
'  tension 

sis 

NL3:NLCT2S 

CEAT:  CECT12 

NLX:  NLCT26 
PISA:  P1CT1S 
PICT19 

Rarsd 

bar 

Bore 

NLS 

TA3LE  2 

Mechanical  properties  for  disc  ri=  locations,  in  the  tangential  direction  (1.  2] 


0.2  X  oT 

UTS 

ELONGATION 

TYPES  0?  VALUES 

(MPa) 

(!G*a> 

(2) 

Average 

960 

1046 

12 

Minimum 

656 

949 

11 

The  constant  amplitude  fatigue  crack  growth  tests 
vere  done  in  laboratory  air  at  rocm  temperature 
(293-295  £).  There  vere  two  stress  ratios,  For 
H  -  0.1  the  stress  varefors  was  trapezoidal  with  a 
nominal  cycle  frequency  of  0.25  Hr.  ror  ?.  -  0.7  the 
stress  vavefora  was  triangular  with  a  cycle 
frequency  of  1.5  Hr  {5],  Automated  crack  growth 
measurements  were  cade  using  the  DC  potential  drop 
technique.  Full  experimental  details  are  given  in 
reference  [  1 1 . 

Fatigue  crack  growth  rates  were  calculated  from 
incremental  measurements  of  crack  growth  as 
follows: 

da/dn  -  (a..;-a.)/(n..:-n.)  (1) 

and  were  correlated  with  is  values  derived  froa  the 
mean  of  the  crack  growth  interval,  i.e.  (a..-+i.)/2. 
The  results  arc  shown  in  figure  3.  Similar  results 
were  obtained  by  other  participants  in  the  AGARD 
programme. 

Figure  3  shows  that  the  fatigue  crack  growth  curves 
are  approximately  bilinear  on  a  leg- log  plot,  with 
transitions,  is?,  at  S.W  and  16.0  MPa/?.  As  will 
be  shown,  these  transitions  correlate  with  changes 
in  fatigue  fracture  mechanisms  and  topography,  and 
they  occur  when  the  cyclic  plastic  tone  site 
becomes  equal  to  characteristic  micro structural 
dimensions  [6-9j. 

Figure  4  shows  the  crack  growth  rate  data  plot'ed 
against  is»;;.  The  values  of  is,-,  vere  derived  from 
the  following  formula: 

A£.rr  -  5w5^  -  (0.75-0.063-1. 132s«0.44S>)  (2) 

which  is  an  approximation  derived  from  Newman's 
continuum  mechanics  crack  opening  model  {10}. 
assuming  plane  strain  conditions.  It  is  seen  that 
the  hypertransitional  (upper)  crack  growth  curves 
are  well  correlated  by  is,-.,  but  the  occurrence  of 


transitions  at  widely  different  £SC?  values  and 
crack  growth  rates  results  in  non-correlation  by 
is,--  in  the  hypotransitional  regions. 

6.2  iUS31STAS  Tests 

TUS3ISTAN  is  a  spectrum  load  history  for  fighter 
aircraft  engine  discs  [11 J.  The  7U23ISTAN  sequence 
contains  15452  load  reversals  in  a  block  of  100 
different  flights,  whose  average  lsngth  -s  about  60 
cycles  {11  J.  A  sample  of  TU35ISTAS.  comprising 
flights  66-69.  is  shown  in  figure  5.  It  is 
important  to  note  that  there  are  frequent  load 
excursions  from  0  to  ICO  I  (once  pet  flight)  and 
less  than  20  X  to  about  IOC  X.  Owing  to  their 
frequent  occurrence,  tijsse  large  load  excursions 
may  be  expected  to  control  the  fatigue  crack  growth 
behaviour  and  to  result  in  a  mare  or  less  regular 
process  of  crack  extension  [121 . 

The  TE33ISTA5  fatigue  crack  growth  t»sts  vers  done 
in  laboratory  air  at  roon  temperature  (293-295  K). 
A  constant  loading  rate  was  maintained,  resulting 
in  cycle  frequencies  tanging  from  1  He  for  the 
largest  load  excursions  to  20  Hr  for  the  smallest 
load  excursions.  Automated  crack  growth 
measurements  vere  made  using  the  ZC  potential  drop 
technique.  The  experimental  details  are  given  in 
references  [1.  13 J. 

Fatigue  crack  growth  rates  were  calculated  from 
incremental  measurements  of  crack  growth,  see 

equation  (1).  and  were  correlated  with  a _  and  £3C_, 

values  derived  for  the  mean  of  the  crack  growth 
interval  specified  in  equation  (1).  The  general 
expression  for  Ash,  is 


where  n,  is  the  number  of  load  excursions 
corresponding  to  2a,:  a  is  the  slope  of  the 
constant  amplitude  log  da/da  versus  log  2a...  plot: 
and  is  obtained  :  «  2  -  s^.t. 


Estimates  of  £K.;;  ,  were  derived  from  equation  (2). 
assisting  no  load  inte 'action  effects  on  K^.  This 
is  a  simplification,  which  in  the  first  instance  is 
defensible  because  sost  load  excursions  in 
7U?-3IS7A_'i  have  sicilar  high  maxima,  see  figure  5. 

Figure  6  shows  the  TlTilSTAS  crack  growth  rates 
plotted  against  K-...  together  with  bilinear 

approximations  to  the  data  below  ¥. _ -  30  MPa/a. 

As  in  the  case  of  the  constant  amplitude  data, 
figure  3.  these  approximations  indicate  transitions 
in  the  crack  growth  curves.  Figure  7  correlates  the 
TUS3ISTAS  and  constant  amplitude  crack  growth  rate 
data  with  £X_.  which  for  constant  amplitude 
loading  is  IX,...  An  overall  value  of  n  -  3  has 
been  used,  which  is  clearly  incorrect  for  the 
hvpotransitional  (a,)  parts  of  the  TU33ISTAS 
fatigue  crack  growth  curves.  However,  the  main 
point  is  that  the  hypertransitional  (s,)  parts  of 
the  nXSiSTAS  and  crnstant  amplitude  fatigue  crack 
growth  curves  can  be  described  by  a  single  data 
envelope,  which  is  linear  on  a  log  da/dn  versus  log 
£ S-a  plot. 

This  collinearity  is  more  clearly  shown  in  figure 
S.  which  fits  so-called  “Paris  law*  expressions  to 
the  TBX3ISTAS  and  constant  anplitude 
hypertransitional  fatigue  crack  growth  rate  data 
frcm  the  present  investigation  and  reference  f  1  j . 
These  fits  have  obvious  practical  significance  for 
prediction  of  fatigue  crack  growth.  This  is 
discussed  later  in  this  paper,  in  section  10.2. 


s  MicaosTaccrcaAL  asalvsis 

The  microstructures  of  all  five  compact  tension 
fatigue  crack  growth  specimens  were  examined  on 
three  orthogonal  sections  and  quantified  by  seai- 
autooated  image  analysis.  Examples  of  the 
micros true cures  in  the  overall  plane  of  fatigue 


crack  growth  are  given  in  figure  9.  These  show 
considerable  variation  in  the  relative  amounts  and 
morphologies  of  primary  a  and  transformed  and  aged 
P- 

Table  3  lists  values  of  the  characteristic 
micros true rural  parameters.  Most  of  these 
parameters  are  self-evident,  but  the  degree  of 
clustering.  7.  requires  explanation.  The  general 
expressions  for  the  degree  of  clustering  are 


grain  size 

7 

-  (ds « 

-  d)*1 

(4) 

a  packet  size 

7 

-  (p?  ” 

-  ?>"- 

(5) 

where  d;  ”,  pe  **.  d 

and 

p  are  the  95th  percent 

tiles 

and  averages  of 

the 

grain 

and  packet 

size 

distributions.  Also,  the  most  important  parameters 
are  plotted  in  figure  10. 

The  quantitative  results  confirm  the  wide  variation 
in  the  relative  amounts  of  primary  a  and 
transformed  and  aged  p.  On  the  other  hand,  the  most 
consistent  parameters  are  the  average  sizes  of  the 
primary  a  grains  and  platelet  a  packets. 

6  F3ACTOCPAPHIC  ANALYSIS 

In  the  first  instance  the  fatigue  fracture  surfaces 
were  examined  by  optical  microscopy.  Indications  of 
“transitions*  ir  the  fracture  surface  appearances 
were  seen,  more  or  less  corresponding  to  the  crack 
growth  rate  transitions  pointed  out  in  figures  3 
and  S.  The  fracture  surface  transitions  proved  very 
Difficult  to  photograph.  Figure  11  shows  the 
clearest  examples.  which  were  for  constant 
amplitude  loading:  in  fact,  only  the  transition  on 
SLCT2S  is  really  visible  optically,  and  the 
transition  on  CECT12  is  indicated  by  a  dashed  line 
derived  mainly  from  scanning  electron  microscopy. 


TABLE  3 

Characteristic  microstructural  parameters  for  the  compact  tension  specimens 


XICSOSTSCCTCr-AL  PARAMETERS 

|  CONSTANT  AMPLITUDE 

TCR3ISTAS 

liStrgaffw  * »  H 

•VLCT2S 

CECT12 

SLCT26 

PICT18 

PICT19 

•  Primary  a  grains 

maximum  diameter  (pm) 

17  i  7 

12  i  5 

12  1  6 

12  1  5 

12  1  5 

minimum  diameter  (p=t> 

10  i  4 

7  13 

6  13 

7  ±  3 

7  13 

aspect  ratio 

1.9  t  0.9 

1.7  1  0.04 

2.1  1  1.4 

1.7  *  0.5 

1.8  1  0.5 

average  diameter  (mm) 

13 

10 

9 

9 

10 

degree  of  clustering  about 

average  diameter  (ps'!) 

0.117 

0.093 

0.071 

0.092 

0  079 

volume  2 

42.5 

26.9 

46.4 

29.5 

24.7 

•  Transformed  and  aged  p  grains 

messm  diameter  (paj 

23  i  9 

n.d. 

19  1  10 

n.d. 

41  *  11 

minimum  diameter  (pm) 

14  1  5 

n.d. 

10  1  5 

n.d. 

23  ±  3 

aspect  ratio 

1.8  1  0.7 

n.d. 

2.2  1  0.9 

n.d. 

1.9  1  0.6 

average  diameter  (;=m) 

Id 

a.d. 

14 

n.d. 

32 

degree  of  clustering  about 

arerrje  diameter  (pm"1) 

0.103 

n.d. 

0.043 

n.d. 

0.040 

volume  2 

57.5 

73.1 

53.6 

70.5 

75.3 

1  •  Platelet  a  packet  size 

maximum  diameter  (pm) 

18  1  7 

14  1  7 

13  1  5 

IS  1  9 

16  1  9 

minimum  diameter  (pm) 

11  i  4 

S  t  5 

7*3 

5  15 

9*6 

aspect  ratio 

1.7  i  0.5 

2.2  1  2.2 

2.0  1  0.S 

2.1  *  1.1 

2.1  1  1.1 

average  diameter  (pmt) 

14 

11 

10 

12 

12 

degree  of  clustering  about 

average  diameter  (pa‘‘) 

0.093 

0.059 

0.075 

0.050 

0.050 

2-i 


Derailed  fractographic  analysis  vas  done  using 
scanning  electron  microscopy  at  an  accelerating 
voltage  of  12  kV.  A  comprehensive  analysis  vas  sade 
of  specimen  ;ILCT25.  as  reported  previously  [14], 
and  this  analysis  is  presented  in  detail  in  section 
6.1.  The  coin  features  of  this  analysis  were 
checked  for  the  other  specimens.  vhich  are 
discussed  in  section  6.2. 

6.1  Specimen  XLCZ2S  (Constant  Amplitude.  R  —  0.1) 
Particular  attention  vas  paid  to  the  pre-  and  post¬ 
transition  fractographic  characteristics.  A  summary 
of  the  results  is  given  in  table  4. 

Pre- transition  fractographic  characteristics 

Representative  vievs  at  intermediate  magnification 
are  given  in  figure  12.  The  fatigue  fractures  vere 
microscopically  very  rough  and  consisted  of 

(1)  Cyclic  cleavage  facets,  both  in  primary  a  and 
transformed  and  aged  p.  figures  13  and  14. 


result  from  cracking  along  slip  bands  and  the 
intersections  of  slip  bands.  A  typical  area  of 
complex  structure-sensitive  fracture  is  also 
indicated  in  figure  12. 

tost- transit icq  fractographic  characteristics 

Representative  vievs  of  immediately  post- transition 
fatigue  fractures  at  intermediate  magnification  are 
given  in  figu-e  17.  The  fractures  vere 
microscopically  less  rough  than  before  the 
transition.  compare  figures  12  and  17. 
Characteristic  features  of  the  immediately  post¬ 
transition  fatigue  fracture  vere 

(1)  Cyclic  cleavage  facets,  both  in  primary  a  and 

transformed  and  aged  p.  figures  lSa-lSd.  Both 
types  of  cleavage  vere  covered  vith 

microserrated  ridges,  unlike  pre- transition  o 
cleavage  (see  figure  13). 

(2)  Ill-defined  pseudo fluting  and  furroved 

terraces,  figures  13b.  l£d. 


(2)  Specific  features  associated  vith  cyclic 
cleavage  facets,  figure  15.  These  features 
have  been  termed  pseudo  fluting  [  IS]  and 
furrovs  [16]  or  terraces  [17],  Note  that  the 
furroved  terraces  in  figure  15b  vere  already 
indicated  in  figure  12. 

(3)  A  complex  mixture  of  structure  -  sens  i  cite 
fractures.  figure  16.  vithout  resolvable 
fatigue  striations.  The  highly  geometrical 
nature  of  these  fractures  indicates  that  they 


(3)  Smooth  and  irregular  continuum-node  fractures, 
figures  ISc.  IBe.  ISf. 

(4)  Fatigue  striations  alvays  resolvable  on  smooth 
and  irregular  continuum-node  fractures, 
figures  19a-19c.  and  occasionally  resolvable 
on  cyclic  cleavage  facets.  figure  19d. 
Striation  spacings  vere  larger  than  the 
macroscopically  determined  crack  grevth 
increments  per  cycle,  as  vas  also  found  in 
reference  [ 1 ] . 


TABLE  4 

Summary  of  fractographic  observations  for  specimen  SLCI25  (constant  amplitude.  R  -  0.1) 
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Representative  and  detailed  vievs  of  post¬ 
transition  fatigue  fractures  at  AX  values  of  20. 
30.  40  and  50  H Pa/3  are  given  in  figures  20-23.  Up 
to  AX  -  40  H?a/a  the  sain  characteristics  vere 
continuum-node  fractures  and  isolated  rough  cyclic 
cleavage  facets.  At  -  50  Ji?a/3  the  contirrn-r- 
acde  fatigue  striations  were  interspersed  with 
micro-void  coalescence.  figure  23:  no  cyclic 
cleavage  facets  vere  observed 

6,2  Specimens  C£CT12.  ?«LCT26 .  PICT1S  and  FICTI9 

General  pre-  and  post- transit ioa  fractographic 
characteristics 

Representative  vievs  at  intermediate  magnifications 
arc  given  in  figures  24-26.  In  general,  the  pre- 
and  post-transition  fractographic  characteristics 
vere  the  sane  as  those  of  specisen  SLCI25.  see 
section  6.1.  Ksvever.  there  vas  cne  notable 
exceptions,  tor  specimen  SLCT26  both  the  pre-  and 
post- transition  fracture  surfaces  shcved  occasional 
smooth  continuum-mode  fractures  (SCF)  vith 
resolvable  fatigue  striations.  These  types  of 
fracture  are  indicated  in  figure  25.  and  detailed 
vievs  are  given  in  figure  27. 

TOSSISTAS  fatigae  stria  tied  patterns 

Figure  27  also  shevs  the  pattern  of  fatigue 
striations  produced  by  TUE3IS7AS  loading  at  low 

X _ values.  The  pattern  is  indistinguishable  frea 

that  produced  by  constant  amplitude  loading,  for 
example  figures  19a  and  21a.  At  higher  stress 
intensities  the  TU331STAS  fatigue  striation 
patterns  became  more  complicated,  examples  are 
given  in  figure  26.  These  shov  that  the  striations 
form  block  patterns,  which  are  most  probably 
demarcated  by  the  large  load  excursions  that  occur 
at  the  beginning  and  end  of  each  flight,  see 
figure  5. 


7  F3ACT0C3APHIC  ASP  M I CSOSTP.UCTURAL  OJS3BLXT10SS 

Specimen  KLCT25  (constant  amplitude.  ?.  -  0.1}  vas 
precision  sectioned  normal  to  the  fatigue  crack 
growth  direction  at  AS  values  of  10  and  IS  K?a7a, 
i.e.  before  and  after  the  transition  in  the  fatigue 
crack  growth  rate  curve,  see  figure  3.  The  fracture 
surfaces  vere  protected  by  Technovit  tvo- component 
resin  'Tsltcr  GmbH.  Friedrichs  dor* .  F3C)  while  the 
sections  vere  polished  and  then  etched  in  Scroll's 
reagent.  The  resin  vas  subsequently  dissolved  away 
in  acetone. 

The  precision  sections  enabled  simultaneous  viewing 
of  the  fracture  surfaces  and  the  underlying 
micros: me rural  features,  using  scanning  electron 
microscopy,  important  examples  of  the  relations 
between  fractographic  and  micros true  rural  features 
are  shown  in  figures  29  and  30.  Primary  o  cyclic 
cleavage  facets  are  visible,  and  it  is  evident  that 
irregular  structure -sensitive  and  continuum- node 
fractures  are  associated  vith  the  transformed  and 
aged  2  grains,  and  hence  the  platelet  o  packets. 

in  view  of  the  fractographic  results,  discussed  in 
section  6.  and  the  fractographic  and 
nicrost rue rural  correlations  illustrated  by  figures 
29  and  30.  it  nay  be  concluded  that  the  fatigue 
crack  growth  curve  transitions  observed  for  all 
spec  i  no  ms  are  primarily  associated  vith  a  change 
from  structure-sensitive  to  continuum- node 
fractures,  which  in  turn  are  mainly  associated  vith 
the  transformed  and  aged  2  grains.  However,  it  must 
be  noted  that  these  associations  are  not  rigorous, 
as  mentioned  in  section  6.2.  specimen  SLCT26  shoved 
occasional  smooth  continuum  mode  fractures  both 


before  and  after  the  fatigue  crack  growth  curve 
transition. 


8  FRACTURE  SURFACE  ROgCggSS 

The  KICT25  precision  section  fracture  profiles  at 
4 X  -values  of  10  and  18  M?a/t»  vere  examined  by 
optical  metallography  at  magnifications  up  tc  800S. 
The  linear  roughness  parameter  8,  vas  used  to 
characterize  the  fracture  profiles.  3,  is  the  ratio 
of  the  true  length  of  profile  to  the  projected 
length  along  a  selected  reference  direction  [1SJ. 
The  linear  roughness  parameter  occupies  a  central 
position  in  characterizing  fracture  profiles,  and 
for  three-dinensionally  similar  fracture 
topographies  is  simply  related  to  the  surface  area 
roughness  3^  accor  ling  to  [ 19  ] : 

K,  -  [4<?,-l)/x]  ♦  1.  (6) 

examples  of  the  fracture  profiles  before  and  after 
the  transition  in  the  fatigue  crack  growth  curve 
for  specimen  SICT25  are  given  in  figure  31.  The 
pre- transition  fracture  surface  roughness  vas 
significantly  greater  than  the  post-transition 
roughness. 

9  ANALYSIS  Or  THE  FATTCUE  CRACK  C33»TH  CURVE 
T3AXS1TI08S 

The  fatigue  crack  growth  curve  transitions  like 
those  in  figures  3  and  6  may  be  analysed  in  tvo 
respects  [6-9 j : 

(1}  Correlation  of  the  crack  tip  plastic  zene 
sizes  vith  micros true  rural  features  (grain 
sizes  and  platelet  o  packet  sizes). 

(2)  The  relation  between  the  sharpness  of  the 
transition,  i.e.  the  change  in  slope  of  the 
fatigue  crack  growth  curve,  and  the  degree  of 
clustering  of  the  distribution  of  grain  sizes 
and  platelet  a  packet  sizes  about  their  mean 
values . 

9.1  Crack  Tip  plastic  Zone  Sizes 

A  proper  description  of  crack  tip  plastic  zone 
sizes  and  shapes  is  difficult  to  obtain.  This  is 
especially  true  for  plane  strain  and  cyclic  loading 
conditions.  Hahn  et  al.  [20.  21  [  used  an  etching 
technique  to  reveal  plane  strain  monotonic  and 
cyclic  plastic  zones  in  the  interiors  of  thick 
specimens  of  Fe-3Si  steel.  They  proposed  the 
following  dimensions  of  the  nonotonic  and  cyclic 
plastic  zones  in  the  x  and  y  directions: 


eomotonic  f 

r,  -  0  03 

(£=*»/ct)'  i') 

plane  strain  ( 

rT  -  0.13 

(Na*/CT>'  (Si 

cyclic  plane  | 

z%  -  0.0075 

(«,-j*)=  (9) 

strain.  3—0.1  [ 

r$  -  0.033 

(AX/<^>-  (10) 

where  cj  is  the  cyclic  yield  stress. 

Sevman's  continuum  mechanics  crack  opening  model 
1 10 j .  specifically  the  formula  in  equation  (2). 
enables  substituting  for  AX  in  equations  (9) 
and  (10).  The  results  are 

cyclic  f  rj  -  0.011  (JS,;^eJ):  (11) 
plane  strain  (  rj  -  0.050  (AX,../^)1  (12) 

Relations  for  rT  and  rj  are  particularly  important 
because  they  determine  the  maximum  extent  of  the 
plastic  zones.  This  is  illustrated  in  figure  37. 
which  gives  schematic  drawings  of  the  plane  strain 
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mono tonic  and  cyclic  plastic  zone  sizes,  vith  rz.  direct  determination  of  vhicfc  micros! rue turai 

ry.  rj  and  rj  determined  by  equations  (7)  -  (12)  parameter  is  important  for  the  transitions, 

and  the  assumption  that  o$  —  0.93  cr.  see  section 

3.  From  the  fractographic  results  in  section  6  it 

appears  that  the  change  frsa  a  complex  mixture  of 
9.2  Correlation  of  Plastic  Zone  Sizes  vith  structure-sensitive  fractures  to  continued- code 

Microstructural  Parameters  fractures  is  the  cost  significant  feature  of 

Monotonic  and  cyclic  plane  strain  plastic  zone  material  behaviour  associated  with  the  fatigue 

dice ns ions  at  the  fatigue  crack  grovtk  curve  crack  grevth  curve  transitions.  In  turn,  the 

transitions  shovn  in  figures  3  and  6  vere  fractographic  and  microstructural  correlations  in 

calculated  using  equations  (7).  (8).  (11)  and  (12).  section  7  shoved  that  these  types  of  fractures  vere 

For  TUR3ISTAN  loading  tvo  values  of  £1,./  vere  primarily  associated  vith  the  transformed  and  aged 

selected:  representing  an  average  for  the  and  hence  the  platelet  a  packets, 

entire  spectrum,  and  £!,,>  for  the  once-per- flight 

traxlcua  load  excursion  vith  S  —  0.  The  results  are  It  is  therefore  concluded,  especially  in  vieu  of 

listed  in  tables  5  and  6.  and  coaqiared  vith  the  previous  vork  [6.  7.  22} .  that  the  fatigue  crack 

primary  a  grain  sizes  and  platelet  a  packet  sizes  grovth  curve  transitions  most  probably  occurred  as 

in  figure  33.  a  consequence  of  the  maxisun  plane  strain  cyclic 

plastic  zone  sizes.  rj.  becoming  equal  to  and 
Figure  33  shovs  that  at  the  fatigue  crack  grovth  exceeding  the  platelet  a  packet  sizes, 
transitions  the  values  of  rz  and  r*  correlate  best 

vith  the  primary  a  grain  sizes  and  platelet  a  9.3  Sharpness  of  the  Crack  Grovth  Curve 

packet  sizes:  cote,  hovever.  that  for  H33ISTAS  Transitions 

loading  the  correlation  of  rj  vith  these  The  sharpness  of  the  fatigue  crack  grovth  curve 

microstructural  parameters  is  good  only  vhen  the  transitions  nay  be  quantified  by  the  ratios  of  the 

values  for  the  maxinun  load  excursion  are  hypotransirional  exponents  to  hypertransitional 

substituted  into  equation  (12).  In  viev  of  previous  exponents,  of  the  linear  approxisations  to 

vork  (6-9}  it  is  most  likely  that  rj.  the  aaTi-rm  the  fatigue  crack  grovth  curves  shovn  in  figures  3 

extent  of  the  plane  strain  cyclic  plastic  zone,  is  and  6.  Yoder  et  ai.  (221  related  the  transition 

the  fracture  mechanics  parameter  of  most  sharpness  for  0  annealed  titanium  alloys  to  the 

significance  for  the  crack  grovth  curve  degree  of  clustering  of  the  distribution  of 

transitions.  Sut  the  similarity  of  primary  a  grain  platelet  a  packet  sizes  about  their  mean  values, 

sizes  and  platelet  a  packet  sizes  does  not  permit  see  equation  (S).Tfce  a/a,  values  for  Yoder's  and 


TA3LS  5 

Estimates  of  plane  strain  conotonic  plastic  zone  sizes  at  fatigue  crack  grovth  curve  transitions 


TA3LE  6 

Estimates  of  plane  strain  cyclic  plastic  zone  sizes  at  fatigue  crack  grovth  curve  transitions 


our  materials  are  plotted  against  the  degrees  of 
clustering.  7.  in  the  upper  diagram  of  figure  34. 
Values  of  b,  versus  7  are  plotted  in  the  lover 
diagram.  The  results  show  the  following: 

(1)  Although  Yoder's  results  indicate  an  increase 

in  transition  sharpness,  with  the  degree 

of  clustering  of  the  platelet  a  packet  size, 
there  is  no  consistent  trend  iron  the  present 
investigation. 

(2)  Hypertransit ional  exponents,  a,,  decrease  to  a 
value  of  about  3  with  increased  degree  of 
clustering  of  the  platelet  a  packet  size. 
Yoder  et  al.  {22}  attributed  this  effect  to 
remnants  of  structure-sensitive  fractures  in 
the  nominally  continuum-mode  hypertransitional 
region,  the  significance  of  such  remnants 
would  decrease  with  increased  degree  of 
clustering  because  there  would  be  fewer 
platelet  o  packets  larger  than  the  current 
plastic  zone  size. 

The  lack  of  a  correlation  between  transition 
sharpness,  ^/c,.  and  the  degree  of  clustering  of 
the  platelet  a  packet  size  for  the  Ti -6A1-4V  fan 
disc  forgings  is  cost  probably  a  consequence  of 
nicrostructure .  The  oaterials  tested  by  Yoder  et 
al.  [22]  consisted  entirely  of  transforsed  and  aged 
£  and  hence  platelet  a  packets,  while  the  Ti -6A1-4V 
STA  caterials  from  the  present  investigation 
contained  significant  accents  of  pricary  a  that 
also  contributed  to  the  fatigue  crack  growth 
process . 


10  DISCUSSION 

10.1  ratirue  Crack  Crowth  Curve  Transitions 
The  present  results  have  shown  that  the  fatigue 
crack  growth  process  in  conventionally  (o*£) 
solution  treated  and  aged  Ti-6Al-4V  fan  disc 
iorging  caterials  is  highly  cocplcx.  especially  in 
the  hypctransitional  region  of  the  fatigue  crack 
growth  curve.  Previous  investigators  [23.  2o;  did 
not  fully  recognise  this,  nor  did  they  notice 
fatigue  crack  growth  curve  transitions  that 
correlated  with  changes  in  the  fracture  process. 
However,  the  transitions  can  be  observed  in  figures 
3-5  frost  both  investigations.  Also,  it  is  worth 
noting  that  fatigue  crack  growth  curve  transitions 
generally  occur.  They  have  been  reported  for 
aiuciniuc  alloys  [25-27}.  high  strength  s*»  Is  (23 j 
and  an  iron-base  superalioy  [29} 

An  overview  of  the  hypo  transitional  and 
hypertransitional  fatigue  crack  growth 
characteristics  of  the  Ti-6Al-4Y  STA  fan  disc 
forging  caterials  is  given  in  figure  35.  This 
overview  is  useful  for  discussing  the  fatigue  crack 
growth  curve  transitions.  The  transitions  evidently 
result  in  changes  in  crack  growth  rale  dependence 
on  the  characterizing  stress  intensity  factor  (AX. 

t _  JS... .  iSL,).  and  these  changes  are  quantified 

by  the  exponents  tv,  and  n,  of  linear  approxinations 
to  the  fatigue  crack  growth  curves.  On  a  store 
fundamental  level.  these  changes  ssust  involve 
changes  in  fatigue  crack  driving  force  and  fatigue 
crack  growth  res i stance . 


effective  AX  (6.  7.  9.  30-32).  Microstructural 
barriers  such  as  dislocation  substructures  and 
grain  boundaries,  and  also  crystallographic 
texture,  play  an  indirect  role  by  affecting 
the  homogeneity  of  plastic  deformation. 
Finally.  crystallographic  texture  directly 
affects  the  actual  crack  driving  force.  C. 
through  its  effect  on  the  elastic  modulus:  a 
higher  elastic  modulus  decreases  C. 

(2)  Crack  growth  resistance  is.  in  the  first 
instance,  provided  by  a  material's  intrinsic 
resistance  to  dislocation  notion  (lattice 
friction  stress  and  micros true rural  barriers) 
and  che  efficiency  with  which  crack  tip 
plasticity.  i.e.  dislocation  movement.  is 
converted  into  crack  extension.  Crack  tip 
plasticity  in  structure-sensitive  fractures 
tends  to  be  highly  directional  and  core 
concentrated  at  the  actual  crack  tip  {33}. 
This  scans  on  the  one  hand  that  slip  should  be 
used  more  effectively  for  crack  extension  than 
crack  tip  plasticity  in  continuua-aode 
fractures,  and  on  the  other  hand  that  slip 
reversibility  may  be  more  efficient  J  29 } . 
Crystallographic  texture  plays  an  indirect 
role  by  affecting  the  homogeneity  of  plastic 
deformation  and  hence  the  crack  growth 
resistance. 

5esides  these  intrinsic  factors,  many  of  which  are 
interrelated  and  can  influence  both  the  crack 
driving  force  and  crack  growth  resistance,  an 
important  extrinsic  factor  is  the  fatigue 
environment.  Aggressive  environments  can  greatly 
reduce  the  fatigue  crack  growth  resistance.  For 
titanium  alloys  the  crack  growth  resistance  can  be 
reduced  in  at  least  two  ways.  Firstly.  an 
aggressive  environment  promotes  cyclic  cleavage 
[16  .  34  .  35} .  This  has  an  accelerating  effect  cr. 
fatigue  crack  growth,  especially  in  highly  textured 
materials  where  [C032)  are  in  the  macroscopic  plane 
of  fracture,  since  the  cyclic  cleavage  occurs  on  or 
near  the  hexagonal  a  (OOC21  planes  [16.  3S-3S]. 
Secondly,  environmental  interaction  with  emergent 
slip  steps  can  reduce  slip  reversibility  during 
structure-sensitive  fatigue  fracture  {39}.  Sole 
also  that  the  fatigue  environment  can  indirectly 
affect  the  crack  driving  force  by  inducing  changes 
in  crack  tip  plasticity,  crack  deflection,  crack 
branching,  and  roughness- induced  crack  closure. 

From  figure  35  it  may  be  deduced  that  apart  from 
texture  and  environmental  changes,  the  fatigue 
crack  growth  curve  transitions  for  the  T1-6A1-4V 
STA  fan  disc  forging  materials  in  the  present 
investigation  involved  most  -  if  not  all  -  of  the 
foregoing  factors.  This  is  also  the  case  for 
transitions  in  other  materials,  e.g.  {27}.  Thus  in 
general  the  shape  of  a  fatigue  crack  growth  curve 
transition  and  the  values  of  eg  and  a,  will  depend 
on  a  balance  of  several  competing  and  reinforcing 
factors.  This  is  illustrated  schematically  in 
figure  36.  which  also  shows  that  for  titaniun 
alloys  there  are  at  least  three  types  of  fatigue 
crack  growth  curve  transition  involving  changes 
from  structure-sensitive  to  continuum-mode  crack 
growth,  and  that  a  change  of  environment  can 
reverse  the  transition  inflection. 


Several  factors  may  contribute  to  the  fatigue  crack 
driving  force  and  fatigue  crack  growth  resistance. 

(1)  Crock  driving  force  is  provided  by  the 
effective  SSL.  Structure-sensitive  crack  paths 
that  are  the  result  of  inhomogeneous  plastic 
deformation  result  .n  ccack  deflection,  crack 
branch. ng.  and  roughness  induced  enhanced 
crack  closure.  all  of  which  reduce  the 


10.?  Fatieue  Crack  Crowth  Prediction 
Figures  7  and  S  show  that  it  is  possible  to 
correlate  the  hypertransitional  constant  amplitude 
and  TC3ISIAS  fatigue  crack  growth  rale  data  using 
the  root  mean  value  of  the  effective  stress 
intensity  factor  range.  The  incentives  for 
attempting  such  correlations  are  the  efficient 
estimation  of  spectrum  loading  fatigue  crack  growth 
lives  using  constant  amplitude  data  banks  and  the 


possibility  of  sisply  accounting  for  spectra 
variations  by  recalculating  AX-*. 

A  necessary,  but  not  sufficient,  condition  for  such 
characterise ic-JC  correlations  is  that  fatigue  crack 
grovth  be  a  regular.  quasi-siationary  process  [12. 
42].  This  is  typically  the  case  when  the  fatigue 
load  history  contains  peak  loads  vith  short 
recurrence  periods,  as  does  Hi23!STAS.  However,  as 
can  be  seen  fron  figures  7  and  3.  the  correlations 
fail  in  the  hypotransitional  fatigue  crack  growth 
regine.  There  are  two  reasons  for  this: 

(1)  Variations  in  alloy  sicrostructure  influence 
the  locations  of  the  fatigue  crack  growth 
curve  transitions,  which  cost  probably  depend 
on  rj  becoming  equal  to  and  exceeding  the 
platelet  o  packet  sires. 

(2)  For  spectrum  loading  like  Tii?3ISTAS.  which 

contains  frequent  (once  per  flight)  naxinun 
load  excursions,  the  value  of  rj  which  controls 
the  fatigue  crack  grovth  curve  transition  is 
the  maximum  value,  and  not  the  root  scan 
value.  Thus  a  correlation  of  fatigue  crack 
growth  rates  by  AX-,  will  always  fail  if  there 
is  a  crack  grovth  curve  transition.  This  has 
already  been  predicted  for  sisple  spectrin 
loading  of  landing  gear  steels  [43] . 
Supporting  evidence  that  the  aatiaa  value  of 
r»  controls  the  f.  _gue  crack  growth  curve 
transitions  is  provided  by  the  TEP3ISTAS 
fatigue  striation  patterns.  Close  to  the 
transitions  the  striation  pattern  is 

indistinguishable  frost  that  produced  by 

constant  amplitude  loading,  see  figure  27  and 
section  6.2.  This  seats  that  fatigue  crack 
growth  in  the  transitional  region  is 

controlled  by  the  maximum  load  excursions. 

Despite  the  inability  of  the  characteristic-X 
(££_,)  approach  to  account  for  fatigue  crack  growth 
curve  transitions,  figure  S  shows  that  "Paris  law* 
expressions  based  on  the  hypertransitional  data 
provide  a  best  fit  and  upper  bound  that  are 
reasonably  conservative  for  TBH3IS7AN  loading. 
Hence  these  expressions  can  be  used  to  predict 
fatigue  crack  growth  -  for  mloog“  cracks  -  even  if 
che  transition  point  is  unknown.  Such  predictions 
may  be  deterministic  or  probabilistic.  The 
advantage  of  the  sore  difficult  probabilistic 
approach  is  that  it  avoids  excessive  conservacisa 
[44.  45]. 

A  sore  serious  problem  for  fatigue  crack  grovth 
prediction  is  the  behaviour  of  'short*  cracks.  As 
pointed  out  by  Foul  ct  al.  [45],  short  crack 
behaviour  differs  considerably  froa  that  of  long 
cracks,  and  the  prediction  of  fatigue  crack  grovth 
lives  based  only  on  long  crack  data  can  be 
unconservative  [46],  This  problem  can  be  solved 
only  by  experiments  to  obtain  short  fatigue  crack 
growth  data  and  the  development  of  analytical 
modelling  techniques  for  short  cracks.  One  of  us 
(?-JKw)  has  recently  shown  that  short  fatigue  crack 
growth  should  be  modelled  probabilistically  to 
avoid  excessive  conservatism  i47], 

10.3  Service  Failure  Analysis 

It  cay  be  anticipated  that  structure-sensitive  to 
continuum -mode  fracture  transitions  will  occur  in 
Ti-6A«-4V  STA  discs  that  experience  fatigue 
cracking  in  service.  This  is  because  the  service 
load  histories  will  likely  resemble  7or3IS7AS  in 
that  they  will  include  cany  maximum  load  excursions 
vith  short  (once  per  flight)  recurrence  periods.  If 
the  transitions  are  readily  definable  on  service 
fatigue  fractures,  they  could  act  as  benchmarks  for 


checking  the  analysis  of  local  stress  and  stress 
intensity  conditions  and  fatigue  crack  growth 
rates,  thereby  assisting  in  the  overall  analysis  of 
service  problems.  However,  this  requires  detailed 
microstructural  analysis  as  well  as  fractographic 
analysis.  and  there  is  obviously  room  for 
uncertainty  in  determining  the  transition  point 
AX...  for  the  maximum  load  excursion  froa  the 
assumed  equivalence  of  the  platelet  a  packet  size 
and  the  maximum  plane  strain  cyclic  plastic  zone 
size. 


11  COSCLVSIOSS 

Fractographic  and  sicrostrucrural  analysis  of 
constant  amplitude  and  flight  simulation 
(7U?3IS7A7«)  fatigue  crack  growth  in  conventionally 
(a*$)  solution  treated  and  aged  7I-6A1-4V  fan  disc 
forging  materials  showed  that: 

(1)  The  fatigue  crack  growth  process  was  highly 
complex  vith  many  interrelated  fracture 
features . 

(2)  Transitions  in  the  fatigue  crack  growth  rate 
curves  correlated  vith  changes  in  the  fatigue 
fracture  process:  specifically,  a  change  froa 
structure-sensitive  to  continuum-mode  crack 
growth  and  a  reduction  in  the  rough ness  of  the 
overall  fracture  topography. 

(3)  The  change  from  structure-sensitive  to 
continuum -mode  fatigue  crack  growth  was 
primarily  associated  vith  the  transformed  and 
aged  &  grains,  and  hence  the  platelet  c 
packets. 

(4)  Close  to  the  fatigue  crack  growth  transitions 
the  TCHBISTAS  fatigue  striation  patterns  were 
indistinguishable  fron  that  of  constant 
amplitude  loading.  At  higher  stress 
intensities  the  TISaiSTAS  fatigue  striatiens 
formed  block  patterns.  which  were  most 
probably  demarcated  by  the  large  load 
excursions  that  occurred  at  the  beginning  and 
end  of  each  flight. 

(5)  The  hypertransitional  fatigue  crack  growth 
rates  were  correlated  by  AX-.,  the  root  mean 
value  of  the  effective  stress  intensity  factor 
range.  However,  the  correlations  failed  in  the 
hypotransitional  fatigue  crack  grovth  regime. 

(6)  The  fatigue  crack  grovth  curve  transitions 
most  probably  occurred  as  a  consequence  of  the 
maxisun  plane  strain  cyclic  plastic  zone 
sizes,  rj.  becoming  equal  to  and  exceeding  the 
platelet  a  packet  sizes. 

(7)  .he  overall  shapes  of  fatigue  crack  growth 
curve  transitions  depend  on  several  competing 
and  reinforcing  factors  that  contribute  to  the 
fatigue  crack  driving  force  and  fatigue  crack 
grovth  resistance. 

(S)  "Paris  law*  expressions  based  on  the 
hypertransitional  fatigue  crack  growth  rate 
data  correlated  by  AX_.  provide  a  best  fit  and 
upper  bound  that  are  reasonably  conservative 
for  predicting  long  fatigue  crack  growth  under 
realistic  (TT33ISTAS)  load  histories. 

(9)  Structure-sensitive  to  continuum-sode  fracture 
transitions  say  be  definable  on  the  fracture 
surfaces  of  Ti-6Al-4V  discs  that  experience 
fatigue  cracking  in  service.  These  transitions 
could  assist  in  the  overall  analysis  of  such 
service  problems. 
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Fig.  10  Principal  microstructural  parameters  for  the  compact  tension  specimens 


Km:.  11  Macro  f  ractograplis  of  the  compact  tension  specimens  tested  under  constant  amplitude  loading 


•  FLAT  FRACTURE  WITH  FREQUENT  CONCAVE  GRAIN  BOUNDARIES 

•  MICROSER  RATED  RIDGES 

•  OFTEN  WITH  PARALLEL  SLIP  LINES  (W-LINES)  |7| 


Fie.  14  Characteristics  of  cyclic  cleavage  in  transformed  and  aged  3  for  R  =  0.1  and  AK  =  10  MPaVm 
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DETAIL  OF  FIGURE  18c 

FATIGUE  STRIATIONS  ON  SMOOTH  CONTINUUM-MODE 
FRACTURE  STRIATION  SPACING~0  14pm 
MACROSCOPIC  CRACK  GROWTH  RATE  ~0  09  pm/CYCLE 


IRREGULAR  CONTINUUM-MODE  FRACTURE  ACROSS  A 
PLATELET  a  PACKET.  SECONDARY  CRACKS  ARE 
PARALLEL  TO  FATIGUE  STRIATIONS  AND  ALSO  OCCUR 
AT  a/0  INTERFACES 
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DETAIL  OF  FIGURE  191)  . 

FATIGUE  STRIATIONS  ON  IRREGULAR  CONTINUUM  MODE 
FRACTURE  STRIATION  SPACING  ~0  73  /mi 
MACROSCOPIC  CRACK  GROWTH  RATE  ~0 13pm  CYCLE 
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FATIGUE  STRIATIONS  ON  A  CLEAVAGE  FACET 
STRIATION  SPACING  ~0.17  pm 

MACROSCOPIC  CRACK  GROWTH  RATE  ~0  13 pm/ CYCLE 
ARROWS  POINT  TO  FISSURE  AT  A  GRAIN  BOUNDARY 
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Fracture  surfaces  from  compact 
tension  and  corner  crack  specimens 
have  been  examined  for  various 
complex  waveforms.  Features  have 
been  related  to  the  various  stages 
of  crack  growth,  as  well  as  to  the 
known  response  of  the  material. 


1.  Introduction 

IMI685  is  a  beta  processed  titanium 
alloy.  A1  is  added  as  an  alpha 
stabiliser,  Zr  as  an  alpha  /beta 
strengthener.  Mo  as  a  beta 
stabiliser  whilst  Si  is  added  to 
improve  tensile  and  creep 
properties.  The  alloy  is  heat 
treated  at  about  I050*c  followed  by 
an  oil  quench,  which  results  in  a 
martensitic  transformation  of  the 
beta  to  alpha/beta  lathes.  If 
slower  cooling  rates  are  employed, 
filmy  alpha  occurs  at  the  grain 
boundaries  prior  to  the 
transformation  tc  a  more  coarse 
alpha/beta  structure.  Ageing  at 
550*c  re-distributes  the 
dislocation  structure. 


2.  Beat  Treatment 

Five  engine  discs  in  IMI  685  were 
allocated  to  the  programme1.  The 
heat  treatment  was:- 

Solution  Treat  1050*C  1\2B  O.Q. 
Age  550aC  24B  A.C. 

From  the  limited  micrographs 
available  the  grain  size  was 
estimated  as  ASTM  3.7 

3.  Fractography 

Specimens  discussed  here  represent 
the  extremes  of  the  test  conditions 
used  i.e  Type  1,  Type  4,  TurblO, 


TurbSO  and  Full  Turbistan. 

The  first  specimen  to  be  examined 
had  been  subjected  to  a  Type  1 
waveform  in  which  the  minor  cycle  R 
ratio  *  0.9.  Early  stages  of  crack 
growth  contained  areas  of  angular 
fracture  as  well  as  quasi-cleavage 
fractures,  Fig-1:  facets  containing 
very  fine  ductile  dimpling  which 
indicated  that  a  mixed  mode  of 
trans  and  inter  granular  growth  was 
occurring. 

Away  from  the  notch,  areas  were 
found  where  irregular  lines  were 
observed  on  angular  features. 
Fig- 2.  As  the  lines  are  often 
parallel  to  the  growth  direction  it 
is  unlikely  that  they  are 
striations.  MLR  have  observed 
similar  features  which  they  call 
"W"  lines.  These  probably 
correspond  to  underlying 
microstructural  features  such  as 
alpha/beta  lathes  and  should  not  be 
confused  with  striations. 

Specimens  tested  with  the  Type  4 
waveform  (minor  cycle  R=0-1} 
exhibited  highly  faceted  fracture 
with  plenty  of  evidence  cf  striated 
crack  growth.  Fig. 3.  This  was  in 
marked  contrast  to  the  previous 
specimens  where  the  Type  1  waveform 
produced  few  signs  of  striated 
crack  growth. 

With  the  complex  Turbistan  cycles 
it  was  sore  difficult  to  identify 
uniform  striated  regions  from  any 
portion  of  the  fracture  surface. 

The  fracture  surface  of  the 
specimen  subjected  to  the  TurblO 
waveform  contained  a  number  of 
areas  where  “W"  lines  perpendicular 
to  the  growth  axis  existed.  In 
addition,  it  was  possible  to  find  a 
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but  no  where  were  there  any  well 
defined  str rations. 


few  isolated  regions  containing 
faint  striations.  Fig. 4. 

The  TurbSO  waveform  should  have 
been  more  likely  to  produce  a  well 
defined  striated  structure,  however 
little  or  no  evidence  was  observed 
of  well  defined  striations.  The 
fracture  surface  contained  faceted 
regions  and  areas  of  angular 
fracture,  indicating  a  Mixture  of 
trans  and  inter  granular  failure. 


3.2  Corner  Crack  Specimens 

In  stark  contrast,  the  corner  crack 
specimens  showed  more  regular 
striated  growth  than  the 
corresponding  compact  tension 
specimen. 

The  specimen  subjected  to  the  Type 
1  waveform  showed  evidence  of 
striated  crack  growth  of  regular 
spacing  throughout  the  fracture 
surface.  There  was  evidence  of 
significantly  different  crack 
growth  rates  in  adjacent  grains, 
Fig.S.  For  a  material  with  a  grain 
size  of  approximately  1mm,  short 
crack  growth  effects  would  be 
evident  up  to  crack  depths  of  2  or 
3oe. 

The  fracture  surface  of  the 
specimen  subjected  to  the  Type  4 
waveform  was  expected  to  show 
clearly  the  overload  cycle  in 
contrast  to  the  minor  cycles.  The 
striations  that  were  observed  were 
not  as  well  defined  as  in  the 
previous  specimen  and  were  sore 
widely  spaced.  Fig.  6.  It  is 
believed  that  the  overload  cycle  is 
the  only  one  that  is  forming  a 
resolvable  striation. 

Testing  with  the  TurblO  waveform 
produced  faint  striations  on  facets 
close  to  the  notch.  Evidence  of 
well  defined  striated  growth  was 
also  observed  close  to  the  final 
fracture.  Fig. 7.  It  is  difficult  to 
decide  whether  the  area  was 
originally  all  striated  and 
subsequently  damaged  or  the  visible 
striations  occurred  in  lathes 
oriented  parallel  to  the  growth 
direction. 


The  most  interesting  fracture 
surface  was  a  corner  crack  specimen 
that  had  been  subjected  to  the  Full 
T-^rbistan  cycle.  The  crack  growth 
data  showed  a  significant  increase 
and  a  later  retardation  of  crack 
growth  rate  for  a  crack  length  from 
0.6  to  1.8  am.  Examination  of  the 
fracture  surface  showed  that  this 
corresponded  to  a  large  facet 
containing  well  defined  striations. 
Fig.  8.  From  the  striated  regions  it 
was  possible  to  estimate  the  crack 
growth  rates  and  these  corresponded 
well  with  the  bulk  results. 

In  contrast  to  the  good  agreement 
for  a  large  facet  close  to  the 
notch,  striated  regions  close  to 
the  overload  did  not  correlate  with 
the  bulk  crack  growth  rates.  If  the 
crack  is  longer  than  about  two  or 
three  grain  diameters  then  the 
short  crack  effect  is  unlikely  and 
continuum  mechanics  will  apply. 


4.  Conclusions 

Deformation  of  the  material  is  by 
intense  planar  slip  on  planes  close 
to  the  basal  plane.  Dislocation 
pile-up  occurs  in  the  beta  lathes 
until  shearing  of  the  alpha  lathes 
occurs.  This  say  be  mistaken  for 
irregular  striation.  Some  early 
cracking  may  be  inter-granular  in 
appearance.  Fractures  are  typically 
faceted  combined  with  significant 
amounts  of  secondary  cracking.  Seme 
facets  may  appear  featureless 
however  at  high  magnifications  it 
is  possible  to  resolve  ductile 
dimpling  on  a  very  fine  scale.  This 
is  termed  quasi-cleavage  fracture. 
Some  of  the  facets  exhibit  striated 
growth  which  may  appear  regular  or 
irregular,  depending  on  the  packet 
orientation  that  the  crack  is 
passing  through.  Final  fracture  is 
of  a  ductile  nature. 

Due  to  the  large  grain  size  of 
mi 685  it  is  difficult  to  draw  any 
firm  conclusions  as  to  the  effect 
of  various  waveforms  on  the  mode  of 
fracture. 


Toe  only  corner  crack  specimen  not 
to  show  appreciable  amounts  of 
striated  growth  was  that  subjected 
to  the  TcrbSO  waveform.  As  with  the 
correspond 5  ng  CT  specimen  the 
fracture  surface  contained  faceted 
areas  and  inter-granular  fracture 
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This  annex  contains  material 
characterization  and  metal  log  raphic 
examination  of  the  Ti-17  material 
tested  as  part  of  the  Supplemental 
Prograame  for  Engine  Disc  Damage 
Tolerance  Testing  IfiltD  SC33  (Refs  1 
and  2).  As  well,  a  complete 
fraetographid  examination  is  provided 
for  the  Compact  tension  specimens 
tested  under  the  six  types  of  sinple 
spectra  load  conditions  and  the  four 
levels  of  load  excursion  damage  level 
omission  of  the  complex  spectrum 
TURBISTAM,  this  latter  spectrum 
representing  MATO  gas  turbine  engine 
missions  used  in  fighter  aircraft 
applications  (Ref  3). 

1.  Description  of  the  Disc 

lh>  Ti-17  (Ti-5Al-2Sa-2Zr-4Mo-*Cr) 
forged  and  machined  disc  utilized  in 
this  study  was  received  from  General 
Electric  Inc.  and  had  undergone  the 
full  processing  and  heat  treatment 
cycle  for  the  stage  1  and  2  compressor 
rotor  disc  employed  in  F404  gas 
turbine  engines  powering  CF188 
aircraft.  The  compact  tension  (CT) 
specimens  tested  at  QETE  were  removed 
from  the  upper,  lower  and  vertical  web 
sections  of  the  disc  in  C-R,  C-T,  R-C 
and  T-C  orientations,  where  C  is  the 
circumferential,  R  is  the  radial  and  T 
is  the  thickness  direction. 

2.  Material  Characterization 

A  chemical  analysis  of  the  Ti-17  disc 


*  Presently  at  Qceen's  University, 
Dept.  of  Mechanical  Engineering, 
Kingston,  Ontario,  K7L  3M6,  Canada. 


miterial  tested  was  conducted  and  the 
results  are  presented  in  Table  1.  The 
aluminium,  tin,  molybdenum,  chromium 
and  iron  elements  were  analyzed  using 
atomic  absorption.  Carbon  was 
analyzed  using  a  high  frequency 
induction  furnace,  where  the  products 
of  combustion  were  passed  through  a 
catalyst  converting  any  carbon 
monoxide  present  to  carbon  dioxide, 
and  the  carbon  content  was  measured  in 
the  carbon  infrared  cell.  The 
zirconium  content  was  determined  ijsing 
the  Mandelie  Acid  Method.  The 
elements  oxygen,  nitrogen  and  hydrogen 
were  analyzed  at  CAMfET/MIL.  Oxygen 
and  nitrogen  content  was  determined 
using  the  Inert  Gas  Fusion  technique; 
hydrogen  was  measured  using  the  Hot 
Extraction  Method. 

A  metallographic  investigation  was 
conducted  in  the  three  areas  of  the 
disc  w*^re  the  CT  fatigue  crack 
propagation  specimens  were  extracted, 
i.e. ,  the  thin  sections  of  the  upper 
and  lower  discs  and  the  vertical  web. 
In  each  case  the  microstructure  was 
examined  in  three  orthogonal  planes 
(perpendicular  to  the  radial, 
circumferential  and  thickness 
directions).  In  addition,  a  section 
of  the  lower  web  was  also  investigated 
in  a  plane  perpendicular  to  the 
circumferential  direction. 

The  microstructure  of  the  Ti-17  alloy 
was  characteristic  of  beta  processed, 
beta  rich  alpha-beta  titanium  alloys, 
where  the  alpha  phase  was  present 
along  a  large  portion  of  the  former 
high  temperature  beta  grains  and  where 
the  grain  interiors  consisted..of  alpha 
Vidmaastittea  plates  within  the  beta 
matrix  (Photos  1  and  2).  High 


Alloying  Element 


Veight  Z  of  Alloy 


Alloying  Element 

Nominal 

Range 

Actual  | 

Aluminium 

5.0 

4.5  -  5.5 

Tin 

2.0 

1.5  -  2.5 

Zirconium 

2.0 

1.5  -  2.5 

Molybdenum 

4.0 

3.5  -  4.5 

Chromium 

4.0 

3.5  -  4.5 

Carbon 

- 

- 

0.011 

Oxygen 

0.10 

0.08-0.13 

0.09 

Nitrogen 

- 

0.04  max 

0.005 

Hydrogen 

- 

0.0125  max 

0.0015 

Iron 

1  ' 

0.30  max 

0.0915 

Table  2.  Ti-17  Grain  Size  Based  Upon  the  Linear  Intercept  Method  (Ref  4) 


LOCATION 

RADIAL  DIR  *N 
(mm) 

CIRCUMFERENTIAL  DIR'N 
(cm) 

THICKNESS  DIR’N 
(cm) 

Upper  web 

0.33  /  0.36 

0.33  /  0.36 

0.17  /  0.16 

Lover  veb 

0-36  /  0.34 

C.40  /  0.35 

0.17  /  0.16 

Vertical  veb 

0-25  /  0.21 

0.31  /  0.34 

0.44  /  0.28 

_ I _ I _ I _ 

Note  1.  The  radial  and  thickness  direction  measurements  carried  out 


on  the  vertical  vet  were  offset  approximately  30  degrees  to 
obtain  the  maximum  and  minimum  ranges  of  these  grain  sizes. 

Note  2.  Difficulties  in  differentiating  grains  in  the  thickness 

direction  of  the  vertical  web  affected  the  accuracy  of  these 
measurements . 


TABLE  3.  FRACTOGRAPHT  SOMAKT 


j  ■ 

■  - _ 

LOAD 

SEQUENCE 

_ 

6K  or  Kraax 
(6  HPaJm) 

6K  or  Kmax 
(10  MPaJa) 

6K  or  Kmax 
(20  MPa4a) 

6K  or  Kmax 
(35  MPa 4m) 

CT5A 

Photo  17 

Photo  18 

Photo  19 

CT6B 

CT1 

Photo  20 

Photo  21 
Photo  22 

Photo  23 

Photo  24 

CT12 

2  (30Z) 

Photo  25 

Photo  26 

Photo  27 

CT7 

3  (50Z) 

Photo  28 

Photo  29 

Photo  30 

CT2 

4  (170Z) 

Photo  31 

Photo  32 

Photo  33 

CT10A 

TURBISTAN 
0  (Full) 

Photo  34 

Photo  35 

Photo  36 

CT24 

1  (10Z) 

Photo  37 

Photo  38 

Photo  39 

CT13 

2  (30Z) 

Photo  40 

Photo  41 

Photo  42 

CT5B 

3  (50Z) 

Photo  43 

Photo  44 

Photo  45 

— 

i 

— 

1 


magnification  scanning  electron 
microscopic  (SEM)  examination  of  the 
microstructure  (Photo  3)  revealed  the 
presence  of  fine  needle- like  alpha 
plates  in  the  beta  phase  indicative 
of  material  ageing  (N.B.  the  SEM 
micrograph  contrast  is  opposite  to 
that  in  the  optical  micrographs).  The 
grain  boundary  alpha  phase  width 
appeared  to  be  typically  1  to  2  pm  in 
thickness,  slightly  thicker  than  the 
Widmanstatten  alpha  plates. 

The  fairly  large  grain  size  of  this 
material  was  revealed  best  under 
polarized  light,  as  shown  in  Photo  4. 
Some  grain  flow  and  grain  flattening 
were  apparent  in  the  planes  of  the 
upper,  lower  and  vertical  webs  due  to 
forging  of  the  disc  blank.  The  grain 
sizes  were  measured  by  the  linear 
intercept  method  in  three  orthogonal 
directions  (radial,  circumferential 
and  thickness)  in  areas  typical  of 
the  fatigue  crack  propagation  in  the 
CT  specimens.  The  grain  sizes,  given 
in  Table  2,  are  the  average  intercept 
distance,  Heyn  intercept  value,  or 
mean  free  path  in  accordance  with  the 
ASTM  El  12  method  (Ref  4),  where  two 
different  specimens  were  used  for 
grain  size  measurements  in  each 
direction. 

Energy  dispersive  X-ray  analyses  of 
the  alpha  and  beta  phases  revealed 
differences  in  the  distribution  of 
some  of  the  alloying  elements.  Ko  and 
Cr,  known  beta  stabilizers,  were  found 
to  be  higher  in  the  beta  phase.  Al, 
an  alpha  stabilizer  and  solid 
solution  strengthener,  was  found  to  be 
slightly  higher  in  the  alpha  phase. 
Sn  and  Zr,  solid  solution 
strengtheners,  were  found  to  be  evenly 
distributed  in  both  phases. 

3.  Fractographic  Observations 

Scanning  electron  microscope  (SEM) 
examination  was  performed  on  samples 
selected  to  cover  the  ten  different 
loading  conditions  investigated  in 
this  study. 

3.1  General  Observations 

Under  all  loading  conditions,  the 
fatigue  fractographic  features  were 
influenced  by  the  nic restructure. 
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mainly  the  orientation  of  the  alpha 
plates  which  varied  from  one  prior 
beta  grain  to  another.  Under 

conditions  corresponding  to  a  low 
value,  typically  10  MPaJm,  the  prior 
beta  grains  were  clearly  recognizable 
because  of  changes  in  surface 
roughness  and  degree  of  facetting  from 
grain  to  grain.  Facetting  occurred 
when  fatigue  cracking  followed 
favourably  orientated  alpha  plates  at 
an  angle  to  the  macroscopic  crack 
plane  (Photo  5).  In  some  grains  there 
was  secondary  cracking  along  the  set 
of  alpha  plates  with  its  orientation 
most  closely  approaching  that  of  the 
macroscopic  crack  front. 
Occasionally,  fatigue  striations  were 
present  on  some  of  the  facets 
associated  with  propagation  along  a 
suitably  orientated  alpha  plate  (Photo 
6).  At  intermediate  Kff>,  typically 
around  20  MPa  Jn,  the  macroscopic 
differences  from  one  prior  beta  grain 
to  another  were  less  pronounced. 
Secondary  cracking  increased  in 
severity  (Photo  7)  and  sometimes 
occurred  along  two  sets  of  alpha 
plates  (Photo  8).  Fatigue  striations 
were  also  observed  along  alpha  plates 
(Photo  8).  At  Kmmw  approximately  35 
MPaJm  and  higher,  the  fatigue  surface 
became  rougher  and  the  differences 
between  the  grains  less  pronounced- 
These  could  still  be  distinguished  by 
the  change  of  orientation  of  the 
secondary  cracking  from  grain  to  grain 
(Photo  9).  Occasionally,  the  crack 
path  followed  the  alpha  phase  along  a 
prior  beta  grain  boundary.  The  more 
readily  observable  fatigue  striations 
were  no  longer  restricted  to 
favourably  oriented  alpha  plates 
(Photo  10). 

The  local  rate  of  crack  advance  per 
cycle  was  estimated  from  the  spacing 
of  the  striations  such  as  shown  in 
Photos  6  and  8.  Even  within  one 
grain,  there  appeared  to  be  local 
variations.  In  Photo  8,  the  striation 
spacing  was  0.5  pm  (5E-7  m/cycle). 
Similar  features  in  close  proximity  of 
to  this  site  indicated  striation 
spacings  of  0.3  pm  (3E-7  m/cycle). 
The  corresponding  macroscopic  crack 
growth  rate  obtained  by  the  potential 
drop  technique  was  0.2  pm  (2E-7 
m/cycle) . 
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The  influence  of  the  microstructure  on 
fatigue  crack  propagation  was  clearly 
illustrated  when  the  polished  side  of 
a  cracked  specimen  was  investigated  in 
the  SEM  using  the  back  scattered 
imaging  node  revealing  the 
microstructure  (Photos  11  to  13). 
Generally,  the  cracking  occurred 
across  alpha  plates  (Photo  11); 
occasionally,  the  crack  path  followed 
a  suitably  oriented  alpha  plate  (Photo 
12).  As  increased,  cracking  could 
occur  along  the  alpha  phase  outlining 
the  prior  beta  grains  (Photo  13). 
Further  insight  into  the  cracking 
process  is  provided  when  the  crack 
surface  is  viewed  along  with  the 
microstructure  in  a  plane 
perpendicular  to  the  crack  (Photo  14). 

The  overload  failure  in  this  material 
was  characterized  by  coarse  tearing 
along  the  prior  beta  grain  boundaries 
at  the  macroscopic  level  (Photo  15) 
and  ductile  dimples  at  the  microscopic 
level  (Photo  16). 

3.2  Detailed  Observations 

Detailed  SEM  fractographic  examination 
was  performed  on  samples  selected  to 
cover  the  ten  different  loading  cases 
investigated  in  this  study.  A  summary 
of  the  photos  taken  are  presented  in 
Table  3.  Wienever  possible,  the 
fatigue  features  were  scrutinized  in 
areas  corresponding  to  stress 
intensity  ranges,  6K,  of  10,  20  and  35 
MPa-Jm  for  Simple  Sequences  Types  0 
(R*0.1),  1,  2,  3  and  4,  and 

correspond ing  values  for  all  four 
of  the  TURBISTAN  load  sequences.  For 
the  load  sequence  Type  0  with  R*0.7, 
fatigue  features  were  examined 
corresponding  to  6K  values  of  6  and  10 
MPaJm.  This  approach  facilitated 
comparison  of  the  cracking  behaviour 
between  the  various  specimens.  To 
portray  typical  features  at  each  6K  or 
level,  four  photos  were  taken:  a 
low  magnification  photo  to  show  the 
entire  width  of  the  sample,  a  X200 
magnification  photo  with  back- 
scattered  detector  turned  half  on  to 
illustrate  differences  between  grains 
with  different  orientations,  and  two 
higher  magnification  photos  (typically 
at  X1000)  to  illustrate  the  fatigue 
features  in  more  detail.  In  all 
photos  the  direction  of  crack 


propagation  is  from  the  bottom  of  the 
photo  to  the  top. 

3.2.1  Simple  Sequence  Type  0,  R-0.1, 
Specimen  CT5A 

At  the  low  6K  value  of  10  MPaJm,  the 
fatigue  fractographic  features  were 
very  dependent  on  the  microstructure, 
specifically  the  orientation  of  the 
alpha  plates,  which  varies  from  one 
prior  beta  grain  to  another.  At  low 
to  intermediate  magnifications,  the 
prior  beta  grains  were  clearly 
recognizable  because  of  changes  in 
surface  roughness  and  degree  of 
facetting  (Photos  17a  and  17b).  Zn 
some  of  these  grains,  the  microscopic 
plane  of  cracking  coincided  with  the 
macroscopic  one  and  the  fatigue  crack 
surface  was  relatively  smooth  (Photos 
17b  and  17c).  In  some  other  grains, 
crack  propagation  occurred  in  part 
along  favourably  oriented  alpha  plates 
at  an  angle  to  the  macroscopic  crack 
plane  leading  to  a  rough  facetted 
surface  (Photo  17d).  High 
magnification  examination  revealed  the 
existence  of  secondary  cracking  along 
the  set  of  alpha  plates  with  its 
orientation  most  closely  approaching 
that  of  the  macroscopic  crack  front. 

At  intermediate  6K  values 
(approximately  20  MPaJm),  the  fatigue 
features  were  still  dependent  on  the 
microstructure,  but  the  macroscopic 
differences  from  one  prior  beta  grain 
to  another  were  less  pronounced 
(Photos  18a  and  18b).  Secondary 
cracking  was  more  severe  than  at  the 
lover  6K  level  and  in  some  cases  the 
cracking  occurred  along  two  sets  of 
alpha  plates  (Photos  18c  and  18d). 

At  high  5K  levels  near  35  MPaJm,  the 
fatigue  surface  became  rougher  and  the 
differences  between  grains  less 
pronounced  (Photos  19a  and  19b). 
These  could  still  be  distinguished  by 
the  changes  in  the  orientation  of  the 
secondary  cracking  from  grain  to  grain 
(Photo  19b).  In  some  grains,  the 
secondary  cracking  was  very  pronounced 
(Photo  19c).  Indicative  of  crack 
propagation  at  higher  6X  in  some 
grains  was  quasi-overload 
characterized  by  dimple-like  features, 
combined  with  other  fatigue  cracking 
features  (Photo  !9d). 


3.2.2  Simple  Sequence  Type  0,  R-0.7, 
Specimen  CT6B 

At  high  R  values,  will  approach 

the  fracture  toughness  XJC  of  the 
material  at  much  lover  6K  values  than 
in  the  case  of  lov  R  values.  As  such, 
is  approximately  the  same  at  fiK*6 
MPa-Jm  with  R«0. 7  and  at  6X*20  MPaJn 
when  R«0.1,  and  OK-10  MPa-Jm  with  R»0.7 
and  at  6X~35  MPaJm  when  R»0.1. 

At  fiK«6  MPa-Jm,  the  roughness  and 
extent  of  facetting  were  very  grain 
dependent  (Photos  20a  and  20b),  and 
quite  similar  co  the  features  of 
Photos  17a  and  17b.  At  higher 
magnification,  there  was  evidence  of 
secondary  cracking  along  favourably 
oriented  alpha  plates  (Photos  20c  and 
20d).  At  6K*10  MPa  4m,  where  K,.„ 
approached  KJC,  the  crack  surface  was 
quite  rough  and  at  lov  magnification, 
it  was  not  possible  to  recognize  the 
prior  beta  grains  (Photos  21a,  21b  and 
21c).  Occasional  significant  local 
deviation  of  the  crack  from  the 
macroscopic  crack  plane,  possibly 
along  the  alpha  phase  outlining  the 
prior  beta  grain  boundaries,  could  be 
observed  among  areas  with  fatigue 
features  typical  of  this  material 
(Photo  21d). 

Comparing  the  fractograpbic  features 
at  R»0.i  and  0.7  revealed  similar 
features  in  situations  corresponding 
approximately  to  the  same  rather 

than  6X. 

3.2.3  Simple  Sequence  Type  1,  10X 

Minor  Cycles,  Specimen  CT1 

The  fatigue  fractographic  features 
were  quite  similar  to  those  observed 
under  Type  0  loading  with  R»0.1.  At 
lov  fix,  the  variations  in  surface 
roughness  and  facetting  from  prior 
beta  grain  to  grain  were  also  quite 
noticeable  (Photos  22a  and  22b).  The 
facetting  was  associated  with  local 
crack  propagation  along  alpha  plates 
(Photos  22c  and  22d).  As  6X 
increased,  so  did  the  extent  of 
secondary  cracking  (Photos  23b  to 
23d).  At  the  same  time,  the 
macroscopic  fractographic  differences 
between  former  beta  grains  diminished 
as  can  be  seen  when  Photos  22a  (5K*10 
H?a4a),  23a  (6K-20  HPaJm)  and  24a 
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(6X«35  HPaJra),  in  addition  to  the 
severe  secondary  cracking  usually 
along  more  than  one  set  of  alpha 
plates,  some  coarse  striations  were 
observed  (Photos  24c  and  24d).  The 
average  striation  spacing  was  about 
1  pm  (IE-6  m/cycle),  while  the 
macroscopic  growth  rate  was  1.9  pm 
(1.9E-6  m/cycle).  There  were  local 
variations  in  the  direction  of  crack 
growth  as  indicated  by  the  orientation 
of  some  of  the  striations  (Photos 
24d). 

3.2.4  Simple  Sequence  Type  2,  30Z 
Minor  Cycles,  Specimen  CT12 

There  were  no  marked  fractographic 
differences  compared  to  the  previous 
loading  sequence.  Some  of  the  photos, 
illustrate  well  cases  of  facetting 
froa  preferential  cracking  along  alpha 
piates  (Photos  25a,  26c,  26d  and  27c). 
At  high  fix,  well  defined  coarse 
fatigue  striaticns  were  observed  when 
cracking  occurred  along  suitably 
oriented  alpha  plates,  while  there 
were  no  visible  striations  when  the 
crack  path  was  across  the  alpha 
plates.  The  fatigue  striation  spacing 
along  the  Photo  27c  alpha  plate  was 
about  1.2E-6  m/cycle  compared  to  a 
macroscopic  crack  growth  rate  per 
cycle  of  1.7E-6  m/cycle. 

3.2.5  Simple  Sequence  Type  3,  50X 
Minor  Cycles,  Specimen  CT7 

At  low  and  i  n  t  e  rme  d  -  ■»  *  e 
magnifications,  the  fatigue  features 
were  similar  to  those  for  Type  0 
trapezoidal  waveforms  and  load 
sequences  1  and  2.  At  higher 
magnification,  fatigue  striations 
along  suitably  oriented  alpha  plates 
could  be  observed  at  5X  as  lov  as  10 
MPa-Jm  (Photo  28c).  As  6K  increased, 
the  fatigue  striation  spacings 
increased  from  0.6  pm  (6E-7  o/cycle) 
at  6X*20  MPa4n  (Photo  29d)  to  1.6  pm 
(1.6E-6  m/cycle)  at  6X=35  MPaJn  (Photo 
30c):  the  corresponding  nacroscopic 
crack  advances  per  cycle  were  0.46  pm 
(4.6E-7  m/ cycle)  and  4.2  pm  (4.2E-6 
m/cycle  respectively.  As  K.t, 

approached  K]C,  areas  with  ductile 
dimples  were  present  (Photos  30d). 


3.2.6  Simple  Sequence  Type  4,  170Z 
Overload,  Specimen  CT2 

The  1701  spike  overload  every  1000 
cycles  induced  veil  defined  beach 
marks  which  indicated  clearly  the 
location  of  the  crack  front  as  the 
crack  propagated  (Photos  31b,  31c,  32a 
and  33a).  There  was  significant  crack 
front  curvature  and  the  local  crack 
growth  direction  was  occasionally 
quite  different  from  the  macroscopic 
direction  (Photos  31b  and  31d).  The 
crack  growth  was  faster  in  some  grains 
than  in  the  adjacent  ones  (Photos 
32b).  At  higher  6K,  the  beach  marks 
were  in  fact  a  narrow  band  with 
overload  features  (Photos  33b  and 
33d);  between  these  marks,  typical 
fatigue  features  were  observed. 

3.2.7  Full  TURSISXAN,  Specimen  CT10A 

At  low  and  intermediate  magnification, 
the  fatigue  fractographic  features 
were  very  similar  to  those  under 
constant  amplitude  Type  0  loading  with 
R«0.1.  At  K^-10  MFaJra,  the  crack 
path  followed  favourably  oriented 
alpha  plates  in  some  grains  (Photo 
34c);  the  extent  of  secondary  cracking 
varied  from  grain  to  grain.  As  K... 
increased,  so  did  the  secondary 
cracking  (Photo  35d).  At  K_^-20  MPa  in: 
some  faint  striations  were  observed 
when  the  crack  followed  alpha  plates 
(Photo  35d).  At  higher  g.fT,  the 
fatigue  striations,  where  observable, 
shoved  variable  spacing  typical  of 
spectrum  loading  (Pfco*">  36d). 

3.2.8  TURBISTAX  10Z  Damage  Omission, 
Specimen  CT24 

Compared  to  the  Full  TURBISTAJJ,  there 
were  no  noticeable  differences  in  the 
fatigue  fractographic  features. 
Resolvable  fatigue  striations  were 
observed  along  some  of  the  alpha 
plates  at  Kmt  around  20  MPaJa  (Photo 
38d).  As  K  increased  with  crack 
depth,  the  striations  became  coarser 
(Photos  39c  and  39d). 

3.2.9  TURBISTAM  30Z  Damage  Omission, 
Specimen  CT13 

Omission  of  a  greater  proportion  of 
the  load  cycles  did  not  change  the 
fractographic  features  compared  to  the 


Full  TURBISTAN  case.  Some  areas  in 
this  specimen  illustrated  clearly  the 
geometric  relationship  between  the 
alpha  plates  where  crack  propagation 
occurred  along  one  set  of  plates  and 
secondary  cracking  occurred  along 
another  set  (Photo  40d).  As  in  the 
previous  case,  fatigue  striations  were 
first  observed  along  alpha  plates  at 
intermediate  K,„  (Photo  41d)  and  then 
more  uniformly  as  K>|¥  increased 
(Photos  42c  and  42d). 

3.2.10  T0RBISTAH  S0Z  Damage  Omission, 
Specimen  CT58 

In  the  final  T0RBISTAH  sequence,  the 
vast  majority  of  cycles  were  of  very 
large  amplitude  and  low  R  ratio,  and 
the  fractographic  features  were  very 
similar  to  those  under  constant 
amplitude  loading  at  low  R  ratio  at 
equivalent  Kmx  values.  As  before, 
fatigue  striations  were  first  observed 
along  alpha  plates  at  intermediate  K 
(Photo  44d)  and  these  were  more 
readily  apparent  and  uniform  in  the 
*35  MFaJm  case  (Photos  45c  and 
45d). 

4.  Conclusions 

Scanning  electron  microscope  (SEM) 
fractography  indicated  that: 

a.  Dnder  all  loading  conditions,  the 
fatigue  fractographic  features  were 
influenced  by  the  microstructure, 
mainly  the  orientation  of  the  alpha 
plates  which  varied  from  one  prior 
beta  grain  to  another. 

b.  At  low  levels  of  6X,  the  prior  beta 
grains  were  clearly  recognizable 
because  of  changes  in  surface 
roughness  and  degree  of  facetting  from 
grain  to  grain,  with  the  facetting 
occurring  primarily  when  fatigue 
cracking  followed  favourably  oriented 
alpha  plates  at  an  angle  to  the 
macroscopic  crack  plane.  Secondary 
cracking  was  found  to  occur  along 
alpha  plates  with  the  orientation  most 
closely  approaching  that  of  the 
macroscopic  crack  front.  Fatigue 
striations  were  present  on  some  of  the 
facets  associated  with  crack 
propagation  along  a  suitably  oriented 
alpha  plate. 
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c.  At  intermediate  levels  of  6K  around 
20  MPa-Jm,  the  macroscopic  differences 
from  one  prior  beta  grain  to  another 
were  less  pronounced.  Secondary 
cracking  increased  in  severity. 
Fatigue  striations  were  also  observed 
along  alpha  plates. 

d.  At  SK  approximately  35  MPa-Jm  and 
higher,  the  fatigue  surface  became 
rougher  and  the  differences  between 
the  grains  less  pronounced,  with  the 
grains  being  distinguished  by  the 
change  of  orientation  of  the  secondary 
cracking  from  grain  to  grain. 
Occasionally,  the  crack  path  followed 
the  alpha  phase  along  a  prior  beta 
grain  boundary.  The  more  readily 
observable  fatigue  striations  were  no 
longer  restricted  to  favourably 
oriented  alpha  plates. 

e-  The  overload  failure  in  this 
material  was  characterized  by  coarse 
tearing  along  the  prior  beta  grain 
boundaries  at  the  macroscopic  level 
and  ductile  dimples  at  the  microscopic 
level. 
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Polarized  light  examination  revealing  the  fairly  large 
grain  size  of  the  Ti-17  alloy. 


Fatigue  features  with  facetting  and  secondary  cracking 
(Simple  Sequence  Type  0,  R-0. 1  loading,  6K  *  12  MPaJm, 
specimen  6A. 
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PHOTO  22  Kntlquci  l  ructoqrnphlc  tonturan  In  npoclmon  CTl  under  Simple  Spectrum 


PHOTO  23  Fatigue  f ractographic  features  in  specimen  CT1  under  Simple  Spectrum 
Typo  1,  and  6K  «  20  MPaJm.  (a:  <U)X;  b:  200X;  c:  1000X;  urn)  d:  1000X). 


PHOTO  ?.4  Fatigue  f.'ractoc]raph  I  c  fouturos  in  specimen  CT1  under  Simpio  Spectrum 
Typo  1 ,  and  6K- -  3b  MPa  Jin.  (a:  40X;  b:  ?.00X;  c:  1000X;  and  d:  1000X). 


PHOTO  ?.6  Fatigue  frnctographic  lioaturos  In  specimen  CT12  under  Slmp.Lo  Spectrum 
Typo'  2,  and  ax'  «  ?,0  MPaJm.  {a:  20X;  b:  ?.00X;  c:  1000X;  and  d:  1000X). 


PHOTO  XU  KfilUjua  f  rncUMjrf.pl:  1  c  (uuLurutt  In  upoc: i mon  CT7  undor  Simple  Spectrum 
Typa  J  ,  mul  AX  to  MPn4m.  (n:  ?.<>X;  b:  XOOX;  c :  IOOOX;  find  cl:  IOOOX). 


PHOTO  2'J  PnlUjup  t  rnclogruph l <:  tonturoM  In  npoclmon  CT7  umlor  Mlmplu  spoct.rum 
Typo  J ,  «»d  AK  20  MIM.lin,  ( ii :  2‘>X;  b:  200X;  1 00  OX :  mid  u:  lOOOX). 


PHOTO  32  PntLguci  fractoqraphic  (oaturoo  in  ti pud  man  CT2  undar  Sl.mplo  Spoctruin 


lmp.lo  Spoctruin 
m>d  d:  100PX). 


PHOTO  3 it  Fatigue  fractographic  features  in  specimen  CT10A  under  FULL  TUKBISTAN, 
and  «  10  MPa 4m .  (a:  30X;  b:  200X;  c:  1000X;  and  d:  1000X). 


PHOTO  3<j  fntlguo  f'ruct.ographlc  features  in  npoclmon  CTIOA  undor  KUI.l.  TIJHHISTAN, 
and  k^,  =-  ?.0  MIN! Jin.  (a:  30X;  b:  200X;  c:  1000X;  mui  d:  1000X). 


PHOTO  36  Kntlcjuu  f’rnctoijraph Ic  foaturon  In  npociinon  CT10A  undor  l-'ur.L  TUHHISTAN, 
and  K*..  »  3b  MPaJm.  (a:  30X;  b:  2Q0X;  c:  1000X;  and  d:  1000X). 


PHOTO  37  fatigue  fractogruphic  foaturea  in  apocimon  CT?,4  under  10%  Omiaaion 

TUHUISTAN,  and  «  10  MPaJm.  (a:  37X;  b:  200X;  c:  1000X;  and  d:  1000X). 


:  -'i 


PHOTO  30  If’utlcjuo  f roctoqcaphlc  fiouturas  in  opociman  CT?.4  undor  10%  Omission 

TURHISTAN,  and'  IV,  *  ?.0  MPaJin.  <  :  37X;  b:  ?.00X;  c:  1000X;  und  d:  1000X). 


PHOTO  39  Fatigua  f ractographic  fouturoa  in  spocimon  CT24  under  10%  Omission 

TURBISTAN,  and  »  35  MPaJm.  (a:  37X;  b:  200X;  c:  1000X;  and  d:  IOOOX). 


PHOTO  40  Fatigue  f ractographic  features  in  spocimon  CT13  undor  30%  Omission 

TURBISTAN,  and  KMAX  «*  10  MPaJm.  (a:  36X;  b:  200X;  c:  1000X;  and  d:  1000X). 


PHOTO  41  Fatigue  f ractographic  features  in  specimen  CT13  under  30%  Omisaion 

TURBXSTAN,  and  m  20  MPa4m.  {a:  36X;  b:  200X;  c:  1000X;  and  d:  1000X). 


PHOTO  42  Fatigue  f ractographic  fouturos  in  specimen  CT13  under  30%  Omission 

TUHUISTAN,  and  »  35  MPaJm.  (a:  36X;  b:  200X;  c:  1000X;  and  d:  1000X). 


PHOTO  43  Fatiguo  f ractographic  ifoaturoa  in  specimen  CT5D  undor  50%  Omiaaion 

'I’linnTCIiAM  jm/l  V  B  in  Ulija  Im  in,  iiVi  t>>  inn v,  «■  mnnv  >  .1. 


PHOTO  44  Fatigue  fractographic  features  in  specimen  CT5U  under  50%  Omission 

TUKBX3TAN ,  and  »  20  MPaJm.  (a:  22X;  b:  200X;  c:  X000X;  and  d:  1000X). 


PHOTO  45  Fntiguo  f ractographic  foaturaa  in  opocimon  CT5B  undor  50%  omiuaion 

TUWJISTAN,  and  *  .15  MPaJm.  (a:  ?.?.X;  b:  200X;  c:  1000X;  and  d:  1000X). 
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S3«Agx 

This  paper  describes  Che  low  cycle  fatigue 
behaviour  of  the  titanium  alloys  IMI  6S5.  Ti-17  and 
Ti-£Al-4V  tested  in  the  .ASARD  Engine  Disc 
Cooperative  Test  Programme.  Load  controlled  low 
cycle  fatigue  tests  were  carried  out  on  saooth 
cylindrical  and  flat  double  edge  notched  specimens 
at  room  temperature.  The  test  results  were 
statistically  analysed  and  discussed.  The  tests 
showed  that  the  differences  in  low  cycle  fatigue 
behaviour  between  IKI  635  and  Ti-SAl-iV  are 
negligible  and  that  Ti-17  has  superior  low  cycle 
fatigue  properties. 
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Three  titanium  alloys  were  investigated  in  the 
ASASD  Engine  Disc  Cooperative  Test  Programoe.  In 
the  core  program  (1]  a  large  amount  of  Ti-6Al-4V 
data  was  generated,  while  in  the  supplemental 
programme  -MI  635.  Ti-17  and  a  few  Ti-6Al-4V  data 
were  generated. 


In  this  paper  the  low  cycle  fatigue  results  of  the 
supplemental  programme  are  presented  and  compared 
with  the  T1-SA1-4Y  results  generated  in  the  core 
programme. 


2  MATERIALS.  SPECIMENS  AND  TEST  PROCEDURES 

The  titaniua  alloys  IMI  685.  Ti-17  and  Ti-6Al-4V 
were  investigated.  The  specimens  were  extracted 
f root  fan  disc  forging s  provided  by  Rolls-Royce  and 
Ceneral  Electric.  The  forgings  were  in  the  solution 
treated  and  aged  conditions.  Ti-6Al-4Y  was 
conventionally  (o+£)  processed  while  IMI  635  and 
Ti-17  were  fi  processed.  The  mechanical  properties 
are  given  in  table  1. 

Two  different  types  of  specimens  were  selected  for 
the  law  cycle  fatigue  tests.  A  saooth  cylindrical 
specimen  (designated  as  LCF  specimen)  and  a  flat 
double  edge  notched  specimen  with  (.-2.2 
(designated  as  1^2.2  specimen)  were  used  in  the 
core  programme  as  well  as  in  the  supplemental 
programme.  Rolls-Royce  used  their  own  smooth 
cylindrical  specimen  (designated  as  SLH  8001 
specimen)  for  the  additional  Ti-6Al-4V  tests  in  the 
supplemental  programme.  The  specimens  are  shown  in 
figure  1.  The  surface  finish  of  the  specimens  was 
identical  to  that  specified  in  the  core  programme. 

Load  controlled  low  cycle  fatigue  tests  were 
carried  out  in  laboratory  air  at  room  temperature, 
using  a  trapezoidal  waveform  with  stress  ratio 
R-O.l  and  a  comical  frequency  of  0.25  Hz.  However, 
the  Ti-6Al-4V  tests  and  seme  IMI  635  tests, 
performed  by  Rolls-Royce,  were  done  with  stress 
ratio  R— 0.  The  notched  specimen  was  usee  to  neasure 
the  number  of  cycles  to  •initiate"  a  certain  crack 
size  as  well  as  the  member  of  cycles  to  failure. 
Crack  initiation  was  determined  by  using  the  DC 
potential  drop  (?D)  technique:  i.c.  the  number  of 
cycles  at  which  a  1Z  increase  in  TO  level  was 
obtained.  The  actual  crack  sizo  for  a  1Z  FD 
increment  has  been  estimated  in  the  core 
programme  [1; .  The  crack  shape  was  seni -elliptical 
and  had  a  maximum  crack  depth  of  about  0.6  as.  with 
a  surface  length  of  1.6  am.  More  details  are  given 
in  reference  J2J.  An  overview  of  the  low  cycle 
fatigue  tests  performed  in  the  core  and 
supplemental  programme  is  shown  in  table  2. 


TABLE  1 

Typical  material  properties 


UTS 

(HP*) 

0.21  yield 
strength 
(HP*) 

elongation  (%) 

redaction 
in  area  (%) 

Utl  615 

1029 

903 

6* 

15* 

Ti-17 

1175 

1035 

10 

19 

TI-6A1-4V 

970 

170 

_ ii _ 

27 

*  minimal  specified 
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TABLE  2 

L*wr  cycle  fatigue  test  matrix 


number  of  test  specimens 

participating 

laboratories 

smooth 

cylindrical 

flat  notched 
^=2.2 

Core  programme: 

AF.  CE,  IA,  HD,  NL,  HR. 

•  T1-6A1-4V 

72 

72 

NS,  PI,  QE,  RA,  RR,  OT 

Supplemental 

progracae: 

•  XHI  68S 

18 

18 

IA.  HE,  RR 

•  Ti-17 

6 

6 

HD 

•  T1-6A1-4V 

6 

RR 

A 
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Fig.  1  Specimens  used  ia  the  prognose 


1 _ statistical  asalysis 


y  -  a  ♦  as 
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A  statistical  analysis  of  the  results  wt s  performed 
to  detect  differences  or  deviating  trends  in  the 
results  fro«  individual  lahoratories.  The  test 
results  were  analysed  according  to  the  procedures 
described  in  AST31  Standard  Practice  E  739-50  [3].  A 
.horr  summary  is  given  in  Appendix  A.  The  analysis 
involved  the  establishment  of  linear  relationships 
between  stress  and  life  based  on  a  log-normal 
distribution,  and  the  establishment  of  confidence 
intervals  for  these  curves.  For  these  purposes,  it 
is  assured  that  the  fatigue  life  is  lcg-norsally 
distributed,  and  that  the  variance  of  log  life  is 
constant  over  the  entire  range  of  the  independent 
variable  (the  stress  paraseter). 

The  linear  expression  used  in  the  statistical 
analysis  was: 


in  which: 

Y  -  logS 

S  —  maker  of  cycles  to  failure 

X  -  stress  range 

The  variance,  the  952  confidence  intervals  for 
parameters  A  and  B  and  a  952  confidence  band  for 
the  entire  median  S-S  curve  were  computed.  These 
parameters  are  oescribed  in  Appendix  A.  The  meaning 
of  the  confidence  band  is  that,  based  on  the 
analysis  of  a  series  of  independent  data  sets,  one 
say  expect  that  952  of  the  computed  hyperbolic 
hands  will  include  the  mean  curve.  Or.  in  other 
words,  the  statement  'the  mean  curve  (of  the  total 
distribution)  lies  within  the  confuted  interval' 
has  a  952  probability  of  being  correct. 
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Th-  test  results  are  presented  in  cable  3.  The 
applied  stress  levels  at  a  stress  ratio  R-0  have 
been  converted  to  coaparible  stress  levels  at  a 
stress  ratio  R-0.1.  The  ratio  M  /  o.i-  at 
a  given  nuaber  of  cycles  to  failure  is  determined 
by  linear  interpolation  in  figure  2  {&}.  The  stress 
range  belonging  to  stress  ratio  ?-0.1  for  cnis 
nuaber  of  cycles  to  failure  can  be  calculated  now. 
It  should  be  noticed  that  the  constant  life  lines 
plotted  in  figure  2  have  bees  derived  for  unnotched 
MI  68S  spesieens  at  reon  temperature.  Because 
there  -ere  no  Ti-6Al-4V  data  available,  figure  2 
vas  also  used  to  convert  the  T1-6A1-4V  stress 
ranges.  The  test  results  are  shovn  graphically  in 
figures  3-6.  Sote  that.  unlike  engineering 
convention,  the  stress  range  as  tha  independent 
variable  is  plotted  on  the  horizontal  axis  and  the 
cycles  to  failure  on  the  vertical  axis.  This  is  for 
commonality  vith  the  statistical  analyses  of  the 
results. 


Salt3  CYCLES 
l#4  CYCLES 


I  --rs »i»4 cycles' 


tt5  CYCLES 


0  10  20  30  40 

MEAN  STRESS  CIS) 

Fig.  2  Constant  life  diagraa  [4] 


TABLE  3 

Fatigue  life  test  results  on  smooth  cylindrical  L£F  specimens 


laboratory 

disc  no. 

speciaen 

stress 

stress 

converted 

cycles  to 

no- 

ratio  R 

range 

stress 

failure 

(HPa) 

range 

»f 

1  HOC  685 

1851300 

1460560 

377240 

14450 

472885 

12410 


18558” 

19564 

10290 

15493 

43541 

65968 


*  thread  failure 
(  data  not  available 


Figure  3  shows  the  test  results  and  associated 
aedian  curve  and  confidence  intervals  for  1MI  £85. 
The  individual  fitted  curves  of  the  three 
laboratories  which  tested  1MI  685  are  plotted  in 
figure  4.  The  overall  aedian  curve  and  confidence 
interval  are  also  plotted  in  figure  4.  The 
individual  laboratory  curves  fall  within  the  951 
confidence  interval.  There  is  no  indication  of 
deviating  results  for  individual  laboratories. 
Figures  5  and  6  show  the  test  results  and 
associated  aedian  curves  and  confidence  intervals 
for  Ti-17  and  Ti-6Al-4V  respectively.  Owing  to  the 
very  few  data,  the  confidence  interval  of  the  Ti- 
6A1-4V  curve  has  been  emitted. 


TEST  RESULTS  LCF  SPECIMENS 
ALL  Ti-17  RESULTS 


PARAMETER 

VALUE 

95%  C0NF- 
OENCE  LEVEL 

A 

1L282 

INTERVAL  A 

3.17R 

8 

-OJXM 

INTERVALS 

VARIANCE 

tun 

01X37 

TEST  RESULTS  LCF  SPECIMENS 
ALL  IMI  6tS  RESULTS 


PARAMETER  VALUE 


INTERVAL  A 

I 

INTERVAL  B 
VARIANCE 


»%  CONFI¬ 
DENCE  LEVEL 


(CONVERTED)  STRESS  RANGE  (MPa) 

Fitted  relationship  between  fatigue  life 
and  stress  range  for  all  INI  £85  LCF  data. 
The  95X  confidence  interval  is  also 
indicated 


*S%  CONFI¬ 
DENCE  LEVEL 


VARIANCE 


LCF  RESULTS 


(CONVERTED)  STRESS  RANGE  (MPa) 

Fig.  6  Fitted  relationship  between  life  and  stress 
range  for  t'  ;  T1-6A1— IV  data  generated  in 
tie  supplc-ertal  prograawac 


700 

STRESS  RANGE  (SMa) 

Fig.  4  Comparison  between  the  overall  aedian  curve 
and  the  individual  laboratories.  Tie  95T 
confidence-  interval  relate*  to  the  overall 
curve 


For  the  K.2.2  speciaens  both  the  life  to  crack 
initiation  and  the  life  to  failure  were  determined. 
Owing  to  the  sire  of  the  specimen,  the  larger  part 
(78-9SX)  of  the  total  nusber  of  cycles  consists  of 
the  cycles  to  crack  initiation.  This  is  shown  in 
table  4.  So  significant  difference  in  crack 
initiation  versus  total  life  between  the  titanium 
alloys  was  observed.  The  life  to  failure  results 


are  shovn  graphically  in  figures  7-9.  Again,  the 
stress  range  is  plotted  on  the  horizontal  axis 
whereas  the  cycles  to  failure  are  plotted  on  the 
vertical  axis. 

Figure  7  shows  the  test  data  and  fitted 
relationship  including  the  9SZ  confidence  intervals 
for  IM1  68S.  A  comparison  between  the  overall 
median  curve  of  IMI  685  with  the  individual 
laboratory  curves  is  made  in  figure  8.  This  figure 
shows  that  the  individual  laboratory  curves  lie 
close  to  the  overall  oedian  curve  and  are  all  well 
within  the  95Z  confidence  interval. 

Figure  9  shows  the  test  results  and  fitted 
relationship  including  the  95Z  confidence  intervals 
for  Ti-17. 


5  DISCUSSION 

The  conotonic  and  cyclic  stress-strain  curves  for 
Ti-6Al-4V  and  IMI  685  are  shovn  in  figures  10  and 
11  (5]  respectively.  Figure  12  shows  the  cyclic 
stress-strain  curve  for  Ti-17  [6].  The  nonotonic 
stress-strain  curve  for  Ti-17  is  aissing  because 
there  were  no  data  available. 

Figures  10-12  and  cable  1  show  that  there  are  no 
Barked  differences  in  cyclic  behaviour  of  the  three 
titanium  alloys:  nild  softening  cakes  place  at  room 
tenperature.  However,  there  are  differences  in 
aechanical  properties  between  the  titanium  alloys. 
Especially  the  0.2Z  yield  strength  of  Ti-17  is 
superior.  Keeping  this  in  wind,  the  test  results 


TEST  RESULTS  K,  2  2  SPECIMENS 
ALL  IMI  CS5  RESULTS 


STRESS  RANGE  (Mib) 


Fig.  7  Fitted  relationship  between  fatigue  life 

and  stress  range  for  all  1KI  685  Kt 2.2  data. 
The  951  confidence  int«.  val  is  also 
indicated 


TABLE  4 

Fatigue  life  test  results  on  K.-2.2  specimens  (R-O.l) 


laboratory 

disc  no. 

specimen 

no. 

stress 

range 

(HPa) 

cycles  to  "1% 
crack  initia¬ 
tion"  ^ 

cycles 

to 

failure 

»f 

"i/Hf 

(*> 

1  IHI  685  i 

i 

7150 

8160 

88 

2 

18850 

20700 

91 

IA 

2 

3 

7420 

7840 

95 

4 

801 

1520 

1520* 

100 

5 

549 

21800 

23900 

91 

6 

801 

4050 

4680 

87 

1 

600 

10100 

11422 

88 

2 

800 

1650 

2017 

82 

ML 

1 

3 

475 

44450 

47290 

94 

4 

600 

11075 

12044 

92 

5 

800 

2140 

2450 

87 

6 

475 

18900 

23852 

79 

1 

765 

3060 

3860 

79 

2 

666 

4605 

5560 

83 

RR 

3 

3 

495 

18500 

21601 

86 

4 

495 

24820 

26939 

92 

5 

666 

5425 

6166 

88 

6 

765 

207 O 

2577 

80 

1  Ti-17 _ _ 1 

1 

475 

_r 

30088 

2 

475 

18500 

23643 

78 

NO 

GL567 

3 

625 

_ 9 

10456 

4 

625 

13100 

16738 

78 

5 

775 

5700 

6212 

92 

6 

775 

7200 

7566 

95 

*  sudden  rupture 
f  data  not  available 
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have  been  plotted  in  two  different  ways:  the 
fatigue  life  as  function  of  the  stress  range  and  as 
function  of  the  ratio  of  stress  range  to  0.2Z  yield 
strength. 

Figures  13  and  14  show  the  aedian  curves  of  the  LCF 
and  K.2.2  test  results  generated  in  the  core  and 


Fig.  8  Comparison  between  the  overall  aedian  curve 
and  the  individual  laboratories.  The  951 
confidence  interval  relates  to  the  overall 
curve 


Fig.  10  Stress-strain  behaviour  of  Ti-6A1-4V  at 
room  temperature 
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TEST  RESULTS  K,  22  SPECIMENS 
ALL  Tt— 17  RESULTS 


PARAMETER 

VALUE 

95%  CONFI¬ 
DENCE  LEVEL 

A 

SJ57 

INTERVAL  A 

0512 

R 

-R8R28 

OTTER  VAIS 

IlOW 

VARIANCE 

UR 

3.0 


400 


500  600  TOC 

STRESS  RANGE  (MPa) 


800 


Fig.  9  Fitted  relationship  between  fatigue  life 

and  stress  range  for  all  Ti-17  Kt2.2  data. 
The  95S  confidence  interval  is  also 
indicated 
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Fig.  11  Stress-strain  behaviour  of  INI  685  at  root 
temperature  { 5 ] 
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still  superior  but  the  Ti-17  K-2.2  curve  now  lies 
below  the  Ti-SAl-tV  and  IMI  685  curves.  More  test 
results  will  be  necessary  to  describe  the  notched 
low  cycle  fatigue  behaviour  of  Ti-17.  especially  at 
high  stress  ranges,  because  it  is  not  allowed  to 
extrapolate  the  Ti-17  curve  [3], 


6  GOSCUUSiGKS 

1.  The  results  of  the  statistical  analysis 
indicated  no  deviating  test  outcome  for 
individual  laboratories. 

2.  The  larger  part  (78-9SZ)  of  the  total  life  of 
the  2.2  specimens  consisted  of  cycles  to 
crack  Initiation,  as  defined  in  section  2. 

3.  TI-6A1-4V  and  IMI  (85  showed  similarity  in  low 
cycle  fatigue  behaviour. 

4.  Ti-17  has  superior  smooth  low  cycle  fatigue 
properties  as  compared  with  Ti-6Al-4V  and  IMI 
685. 

5.  The  good  notched  low  cycle  behaviour  cf  Ti-17. 
which  is  present  at  higher  stress  ranges,  is 
neutralized  by  taking  the  0.2Z  yield  strength 
into  account. 
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The  statistical  analysis  of  the  LCF  and  K.-2.2  data 
is  based  on  the  procedures  described  in  ASTS  E739 
“Standard  practice  for  statistical  analysis  of 
linear  or  linearized  stress-life  (S-K)  and  strain- 
life  (<-N)  fatigue  data*. 

A  short  susnary  of  the  procedure  applied  in  t!-e 
current  ACHED  programme  is  presented  below. 

Line  equation 

The  statistical  analysis  is  based  on  the  assumption 
that  the  S-S  relationship  can  be  approxinzted  by  a 
straight  line  for  a  specific  interval  of  stress. 
The  following  line  equation  was  used: 

y  —  a  +  ax 

in  which: 

Y  -  logs 
X  -  to 

The  coefficients  A  and  5  of  this  linear  sodel  can 
be  calculated  according  to: 


A  «  Y  -  &C 


Confidence  intervals  for  A  and  B 

The  confidence  intervals  for  A  and  B  are  given  by: 


A±t,» 


i±  i 


E 

1-1 


a  -  r 
£  (*1  -  X)1  I 


The  value  of  t,  is  read  fros  the  t- distribution 
using  the  desired  value  of  the  confidence  level  P 
associated  with  the  confidence  interval  (see 
Table  Al).  The  entry  parameter  n  (the  degrees  of 
freedoa  of  t)  equals  k  -  2  for  the  two  above 
equations. 


TABLE  Al 
Values  of  t^ 


£  (X,  -  X)  (Y,  -  Y) 
1«1 _ 

E 

»•! 


_  r*i 


(average  Y.  value) 


k  —  total  raster  of  test  specisens. 

A  and  t  are  called  the  rax  i  run  likelihood 
estimators  of  A  and  B. 

(The  symbol  “caret*  (*)  denotes  estimate:  the 
symbol  “overbar*  (— )  denotes  average) . 

Variance 

To  estimate  the  variance  of  the  corral  distribution 
for  log  S  the  following  expression  is  reccmended: 


n 

<k  -  2) 

t. 

X 

90 

95 

4 

2.1318 

2-7764 

5 

2.0150 

2.5706 

6 

1.9432 

2.4469 

7 

1.8946 

2.3646 

8 

1.8595 

2.3060 

9 

1.8331 

2.2622 

10 

1.8125 

2.2281 

11 

1.7959 

2.2010 

12 

1.7823 

2.1788 

13 

1.770? 

2.1604 

14 

1.7613 

2.1448 

15 

1.7530 

2.1315 

16 

1.7459 

2.1159 

17 

1.7396 

2.1098 

13 

1.7341 

2.1009 

19 

1.7291 

2.0930 

20 

1.7247 

2.0359 

21 

1.7207 

2.0756 

22 

1.7171 

2.0739 

Kote:  p  is  the  probability  in  percent  that  the 
randoca  variable  t  lies  in  the  interval  froa 
-t,  to  4V 

n  is  cot  sample  site,  but  the  degrees  of 
freedoa  of  t.  that  is  n  -  k  -  2 


E  CT.  -  Yt)* 


Confidence  band  for  the  entire  median  S-S  curvy 
The  confidence  band  for  the  entire  log  S  -  is  curve 
is  calculated  using  the  following  equation: 


in  which: 

\  *  *Si 


Y  •  A  •  4x  ± 


i 


(X-T)* 


E 


The  tern  k-2  is  used  instead  of  k  to  rare  o*  an 
unbiased  estimator  of  the  tarsal  population 
variance  o5. 


in  which  F,  is  given  in  Table  A2.  This  table 
contains  two  entry  paraaeters  n2  xnd  n-.  which  are 
the  statistical  degrees  of  freedoa  for  f.  For  the 
above  equation  n-  -  2  and  n-  -  k-2. 
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APPESDIX  B 

A  summary  of  the  TI-6A1-4V  low  cycle  fatigue  test 
results  generated  in  the  core  progr same  is 


TABLE  B1 

Fatigue  life  test  results  on  LCF  speciaens  (R-O.l) 


DISC  BcatD  1113 


laboratory 

specimen 

no. 

stress 

range 

to 

MPa 

cycles 

to 

failure 

*f 

laboratory 

specimen 

no. 

stress 

range 

AO 

MPa 

cycles 

to 

failure 

■f 

LCF 

2 

800 

2850 

LCF  33 

878 

3 

LCF 

6 

800 

2340 

LCF  35 

828 

437 

or 

LCF 

4 

775 

4790 

BB 

LCF  36 

788 

5067 

LCF 

5 

775 

5150 

LCF  34 

788 

5687 

LCF 

1 

750 

13540 

LCF  38 

742 

21217 

LCF 

3 

- 

- 

LCF  37 

742 

14515 

LCF 

19 

800 

3509 

LCF  23 

875 

mmm 

LCF 

16 

775 

5665 

LCF  21 

800 

LCF 

18 

775 

7050 

LCF  25 

775 

■SB 

LCF 

17 

750 

8851 

LCF  22 

775 

7264 

LCF 

14 

750 

12484 

LCF  20 

750 

9457 

LCF 

15 

700 

40341 

LCF  24 

750 

19426 

LCF 

12 

800 

18C0 

LCF  31 

§m 

■£1 

LCF 

7 

800 

1900 

LCF  27 

VD 

LCF 

9 

750 

12100 

BA 

LCF  28 

Ir.rC 

9MS 

LCF 

8 

750 

8800 

LCF  32 

13284 

LCF 

io 

725 

18500 

LCF  29 

I  .  jm 

22474 

LCF 

11 

700 

42000 

LCF  50 

m 

15209 

DISC  OW'D  7200 


presented  below.  A  no  re  detailed  description  of 
these  test  results  is  given  in  AGAJtD  Report 
Bo.  766:  'AGAJtD  Engine  disc  cooperative  test 
prograaae*  (1988). 
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TABLE  32 

Fatigue  life  test  results  on  K.-2.2  specimens  (R-O.l) 
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sped- 

stress 

cycle  to 

cycles 

speci- 

stress 

cycles  to 

cycles 

labo- 

sen 

range 

*11  crack 

to 

labo- 

sen 

range 

*1Z  crack 

to  i 

ratory 

CO. 

La 

initiation* 

failure 

ratory 

no. 

La 

initiation* 

failure 

•tPa 

Ni 

Sf 

K?a 

si 

*f 

E  5 

77S 

3420 

3476 

e  36 

700 

5950 

6700 

E  1 

775 

4202 

4247 

E  40 

562 

6700 

7900 

UT 

E  4 

625 

S4S4 

8920 

PJC 

E  35 

562 

13000 

14200 

e'  2 

625 

10630 

10999 

e  39 

562 

17500 

19500 

E  6 

475 

22764 

23856 

E."  37 

486 

20500 

23500 

r.  3 

475 

31717 

33026 

eT  38 

486 

34000 

36500 

E  17 

775 

3501 

3701 

E  25 

775 

3026 

3557 

E  14 

775 

3301 

3726 

E-‘  26 

775 

3301 

37i4 

QH 

E  IS 

E  13 

625 

625 

7701 

10952 

8826 

SL 

E  23 

E  24 

625 

625 

16941 

10207 

18584 

11436 

E  18 

475 

41620 

43730 

E  27 

475 

27101 

29352 

eT  16 

475 

36601 

38826 

E  28 

475 

21501 

24118 

■  ■ 

E  10 

775 

2707 

2771 

E  31 

775 

2832 

3288 

E  9 

775 

2750 

2841 

E  32 

775 

3023 

3810 

B 

El  11 

625 

10090 

11191 

ZA 

E  29 

625 

11357 

12342 

r.  s 

625 

8875 

8921 

E  33 

625 

11349 

12176 

E.'  7 

475 

295CO 

30061 

E  30 

475 

48748 

51337 

'mm 

E  12 

475 

38500 

39551 

E  34 

475 

>56511 

>56511 
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AF 

E  14 

E  13 

E  17 

E  16 

E  13 

E  15 

775 

775 

625 

625 

475 

475 

2037 

2704 

8131 

9043 

21775 

59499 

2334 

3039 

9254 

9768 

23053 

61565 

C£ 

E  38 
<  35 
£  37 
£  39 

E  40 

E  36 

698 

562 

562 

428 

428 

4691 

19832 

13811 

201S94 

36500 

5230 

20599 

14953 

211330 

40190 

E  1 

2150 

2765 

E  32 

780 

2040 

2466 

K-.  5 

■  s 

5850 

6038 

E  33 

776 

2510 

3039 

J© 

E  4 

9200 

10258 

IA 

E  34 

627 

6550 

7317 

E  6 

46950 

48995 

E  31 

626 

7340 

9040 

E  2 

475 

27300 

29800 

E  30 

528 

12300 

13180 

7—  3 

“ 

” 

• 

E  29 

475 

>63750 

>63750 

E  9 

775 

4050 

4340 

E  26 

1091 

28 

38 

E  12 

775 

2575 

2890 

E  23 

775 

3010 

3182 

SS 

■Ml 

625 

9200 

9660 

PI 

E  27 

625 

5964 

6800 

BaQ 

625 

8950 

9810 

E  28 

625 

7888 

8855 

S 

500 

27000 

29350 

E  24 

550 

17024 

17933 

1 33 

500 

25100 

27120 

K.  25 

475 

>55197 

>55197 

700  729  740  760  780  800  829  8*0  *00  *50  500  550  SCO  6JO  TOO  750  800 

STRESS  RAJiGE  IHRil  STRESS  RAXGE  fl*>) 


Fig.  B1  Fitted  relationship  between  fatigue  life 
and  stress  range  for  the  LCF  data 


Fig.  52  Fitted  relationship  between  fatigue  life 
and  stress  range  for  the  Kt2.2  data 
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T1-6AJ-4V.  na 685  and  TJ-17 


MD.  Rairenne 

Institute  far  Reseadi 

National  Research  Council  of  Canada 
Ottawa,  Ontario 


SUMMARY 

This  chapter  presents  the  fatigue  crack 
growth  results  for  the  titanium  alloys  IMI 
685.  TI-6A1-4V  and  Tl-17  that  were  tested  in 
the  Supplemental  phase  of  the  AGARD  SC.33 
Engine  Disc  Cooperative  Test  Programme. 

The  fatigue  crack  growth  work  was  carried 
out  under  load  control  using  compact  tension 
and  comer  crack  specimen  geometries.  Tests 
were  conducted  under  the  following  loading 
conditions:  constant  amplitude  (R = 0. 1  and  R 
=  0.7).  constant  amplitude  (R=0)  with  minor 
cycles,  an  R=1.7  single  overload  sequence  and 
the  cold  TURBISTAN  variable  amplitude 
sequence.  The  data  is  presented  using  a  point 
to  point  or  secant  method.  The  constant 
amplitude  and  single  overload  data  base  was 
subsequently  used  by  five  participating 
laboratories  to  predict  a  series  of  60  load 
cases  using  their  respective  crack  growth 
prediction  models. 


Nomenriature: 


a 

Crack  Length  (mm) 

B 

Specimen  thickness  (mm) 

CC 

Comer  Crack  Specimen 

CT 

Compact  Tension 
Specimen 

da/dN 

Meters  /  Cycle  or 
Meters/Flighl 

AK 

Charge  in  crack  tip  stress 
intensity  during  a  single 
load  cycle  (MPa  v*m) 

Kmax 

Maximum  crack  tip  stress 
intensity  (MPaVm) 

N 

Cycles 

P 

Applied  load  (kN) 

R-ratio 

Minimum  load/maximum 
load 

W 

Specimen  width  (mm) 

a 

Applied  stress  (MPa) 

K1A0R6 

Cooperative  Test  Programme  was  carried  out 
in  two  phases:  an  initial  Core  phase  and  a 
follow-on  Supplemental  phase.  In  the  Core 
phase  twelve  laboratories  from  seven  NATO 
countries  generated  a  single  R-ratio  (0. 1) 
database  of  fatgue  crack  growth  data  for 
titanium  T1-6A1-4V.  The  H-6A1-4V  material 
was  supplied  by  Rolls  Royce  from  RB-2 1 1 
compressor  fan  foigiigs.  The  Core  phase 
succeeded  in  calibrating  the  twelve 
participating  laboratories  using 
standardized  test  specimens  and  test 
procedures.  The  results,  reported  in 
Reference  1.  show  a  narrow  scatter  band  of 
between  two  and  three  for  the  crack  growth 
rate  data  between  20  and  35  MPav'rn. 

In  the  Supplemental  phase  the  single 
alloy/load  case  was  expanded  to  sixty 
different  alloy/load  case  combinations.  The 
expanded  test  matrix  included: 

•  one  a  +JJ  processed  alky  fR-6Al-4V)  and 
two  .6  processed  alloys  (IMI  685  and  Tl- 
17) 

•  two  constant  amplitude  sequences  (R  =  0.1 
and  0.7) 

•  one  overload  sequence  (R  =  1.7) 

•  three  constant  amplitude  sequences 
with  varying  levels  of  minor  cycles 

•  cold  TURBISTAN  and  three  modified 
versions,  and 

•  two  specimen  geometries,  the  compact 
tension  and  the  comer  crack. 

The  sixty  alloy/load  cases  were  also  modelled 
using  five  different  fatigue  crack  growth 
models  currently  in  use  at  NASA  Langley. 
CEAT.  FFA.  NLR  and  Rolls  Royce-  The 
objective  of  the  modelling  was  to  compare 
predicted  and  experimental  results.  Model 
descriptions  and  results  are  presented  in 
Chapters  Five  and  Six. 

The  purpose  of  this  chapter  is  to  present  the 
experimentally  derived  fatigue  crack  growth 
results  in  graphical  format. 

The  data  base  can  also  be  made  available  in 


UO  INTRODUCTION 

The  AGARD  Structures  and  Materials 
Subcommittee  33  -  AGARD  Engine  Disc 
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numerical  format  by  contacting: 
Donald  Raizenne. 

National  Research  Council  Canada 
Institute  for  Aerospace  Research 
Building  M-14 
Ottawa.  Ontario 
Canada  K1A0R6 


20  PARTICIPANTS 

The  participating  laboratories  in  the 
generation  of  the  fatigue  crack  growth  data 
were  the  following: 

AF  Air  Force  Materials  Laboratory  (AFML). 

WPAFB.  Dayton.  Ohio.  USA 
(£  Centre  d*Essais  Aeronautique  de 
Toulouse  (CEAT).  France 
IA  Industrieanlagen  -  Betnebsgesellschaft 
JIABG).  Ottobrunn.  Germany 
NL  National  Aerospace  Laboratory  (NLR]. 

Amsterdam.  The  Netherlands 
PI  University  of  Pisa.  Pisa.  Italy 
OB  Quality  Engineering  Test  Establishment 
(QETE).  Ottawa.  Canada 
RA  Royal  Aerospace  Establishment  (RAE). 

Famborough.  United  Kingdom 
RR  Rolls  Royce.  Derby.  United  Kingdom 
UT  University  of  Toronto.  Toronto.  Canada 

The  IAR  coordinated  the  test  programme  by 
preparing  the  detailed  test  procedures  d. 
collecting  the  crack  growth  data,  providing 
selected  data  to  the  five  modelling 
laboratories  I3)  and  presenting  the 
experimental  rcsulls. 

3lO  MATERIALS  AND  SPECIMEN 
GEOMETRIES 

The  specimen  material  used  in  the 
Supplemental  phase  was  provided  in  the 
form  of  solution  treated  and  aged  compressor 
disc  forgings  by  Rolls  Royce  CR-6AI-4V  and 
IMI 685)  and  General  Electric  (Ti- 17}.  Typical 
mechanical  properties  for  the  three  alloys 
arc  provided  in  Table  I. 

There  is  a  distinct  difference  in  grain  size 
between  the  conventionally  a  4-  P  processed 
TI-6AI-4V  and  the  “  processed  IMI  685  and  Tl- 
17  alloys.  TT-6A1-4V  has  a  typical  grain  size 
of  25  pm  while  IMI  685  and  Ti-17  have 
typical  grain  sizes  in  the  range  of  400  pm. 

One  objective  of  the  Supplemental  phase  was 
to  determine  the  grain  size  sensitivity  of  the 


potential  drop  technique  in  measuring  crack 
size.  A  second  objective  was  to  compare  the 
scatter  in  the  fatigue  crack  growth  results 
between  the  two  alloy  groups. 

TWo  specimen  geometries  were  used  for  the 
fatigue  crack  propagation  testing.  The  ASTM 
compact  tension  specimen  (designated  CT) 
was  used  for  crack  lengths  in  the  long  crack 
regime  which  are  typically  two-dimensional 
through-the-thickness  flaws.  The  second 
specimen,  developed  by  Rolls  Royce  Ml.  is  the 
comer  crack  specimen  (designated  CC).  Rolls 
Royce  developed  this  specimen  to  simulate 
comer  crack  flaw  geometries  with  three- 
dimensional  stress  fields  typically  found  in 
the  disc  bore  locations  and  fastener  holes. 
Both  the  CT  and  CC  specimen  geometries  are 
shown  in  Figure  1. 

The  specimen  blanks  were  cut  from  various 
locations  in  the  disc  forgings.  The  disc  cut-up 
drawings  are  shown  in  Figures  2. 3  and  4.  The 
orientation  of  the  specimen  crack  planes  to 
the  forging  directions  were  specified  so  that 
they  would  be  representative  of  those 
encountered  in  service.  Rolls  Royce 
machined  the  H-6A1-4V  and  IMI  685 
specimens  and  IAR  machined  the  Ti-17 
specimens. 

The  thickness  of  ihe  compact  tension  blanks 
cut  from  the  Ti-17  forging  (Figure  4)  were  less 
than  the  specified  25  mm  in  Figure  1.  A  lack 
of  available  material  necessitated  specimen 
thicknesses  in  the  range  of  7  mm  to  18  mm. 

In  order  to  simplify  specimen  identification, 
the  supplemental  test  programme  specimens 
were  coded  as  follows: 


Two  constant  amplitude  sequences.  R  =  0. 1 
and  R  =  0.7  were  selected  fra-  the  test 
programme.  The  wave  shape  was  trapezoidal 
with  a  frequency  of  0.25  Hz.  The  R  =  0. 1  load 


RR  CT  18 

Laboratory  Specimen  Specimen  S 

Geometry 

A  detailed  specimen  cross  reference, 
including  material,  disc  location  and 
sequence  is  provided  in  Tables  2. 3  and  4. 


4j0  LOADING  SEQUENCES 

4.1  Constant  Amplitude 


sequence  as  shown  in  Figure  5. 

42  Simple  Sequences 


Three  simple  sequences  were  selected  to  study 
the  effect  of  minor  cycles  on  a  single  major 
cycle.  The  sequences  designated  SSI.  SS2 
and  SS3  are  shown  in  Figure  6.  The  dwell 
time  at  peak  load  in  the  constant  amplitude 
trapezoidal  cycle  (Figure  5}  is  replaced  with 
10  minor  cycles.  Minor  cycle  amplitudes  of 
10. 30  and  50  percent  of  peak  load  were 
investigated.  All  major  and  minor  cycle 
loading  rates  were  constant  and  the  R-ratio 
was  set  at  zero.  The  cycle  period,  defined  as 
the  time  for  one  major  cycle,  increased  from 
four  seconds  for  the  constant  amplitude  cycle 
(Figure  5)  to  13  seconds  for  the  SS3  cycle. 

The  fourth  simple  sequence  (designated  SS4) 
was  selected  to  investigate  the  retardation 
effect  of  a  single  overload  on  1000  constant 
amplitude  cycles.  An  overload  ratio  of  1.7 
was  chosen.  The  wave  shape  used  for  this 
sequence  is  a  simple  triangular  shape.  The 
SS4  sequence  is  shown  in  Figure  7. 

-43  Complex  Sequences 

The  four  complex  sequences  used  in  the  test 
programme  were  the  complete  Cold 
TURBISTAN  sequence  ®  and  three  modified 
versions.  TURBISTAN  is  a  variable 
amplitude  loading  standard  that  was 
developed  for  ‘cold'  compressor  parts  using 
combat  jet  aircraft  engine  data  from  four 
NATO  airforces  and  five  aircraft  types.  The 
basic  Cold  Turbistan  sequence  is  comprised 
of  100  individual  flights  with  an  average  of 
154  end  points  per  flight.  The  loading  points 
are  expressed  in  percent  values  of  the 
maximum  load.  The  maximum  loads  for  the 
supplemental  test  programme  were  selected 
to  provide  approximately  30.000 
TURBISTAN  flights  to  specimen  failure. 

One  of  the  programme  objectives  was  to 
investigate  the  influence  of  minor  cycle 
omission  on  fatigue  life.  Four  Turbistan 
sequences  (designated  TURB 100.  TURB10. 
TURB30  and  TURB50)  were  tested  with  minor 
cycle  omission  levels  of  0%.  10%.  30%  and 
50%.  The  number  of  end  points  per  sequence 
are  listed  in  Tabic  5.  As  the  small  cycles  have 
small  amplitudes  and  varying  mean  stresses, 
the  omission  algorithm  was  not  based  on 
range  filtering,  but  on  damage  filtering.^ 


An  illustration  of  the  effects  of  the  three 
omission  levels  on  a  TURBISTAN  flight  is 
presented  in  Figure  8. 

5u0  CRACK  LENGTH  MEASUREMENT 
PROCEDURE 

Crack  lengths  were  measured  using  a  direct 
current  (DC]  potential  drop  technique.  The 
details  of  the  technique  are  provided  in  the 
core  programme  report.  Reference  1.  For  the 
supplemental  work,  the  DC  potential  drop 
technique  was  modified  to  accommodate  the 
simple  and  complex  sequences  as  illustrated 
in  Figures  9  and  10.  Typically  a  one  second 
hold  time  is  applied  to  the  maximum  load 
level  during  which  both  current  off  and 
current  on  measurements  are  taken. 

The  detailed  test  procedures  for  the 
supplemental  phase  are  provided  in 
Reference  2. 

6u0  RESULTS 

The  fatigue  crack  growth  results  for  the  three 
titanium  alloys  are  presented  in: 

Figures  1 1  to  20  -  TI-6A1-4V 

Figures  21  to  31  -  IMI  685 

Figures  32  to  41  -  Ti-17 

The  fatigue  crack  growth  rates  were 
calculated  from  the  incremental  crack  length 
measurements: 

da/d!f=(ai»1-ai)/(Ni.1-Ni) 

The  crack  tip  stress  intensity  solutions  used 
in  the  analysis  for  the  two  specimen 
geometries  are  the  following: 

Compact  Tension 

K,  =  -P—  -*-*-**•-  (0.886  ♦  4.64  (a fm)  -  13.32 
B^v  (1-a/w)i  s 

(a/w)2  +  14.72  (a rmp  -  5.6  (awp) 

Corner  Crack  or  Quarter  Circular  Crack 
(potential  drop  crack  length  measurement) 
11136) 

The  crack  Up  stress  intensity  equations  for 
the  average  circular  crack  length  are: 

K,  =  (0.97  -  0.09  (a top)  1.16  ?-oiS 
for  a f»  <  0.2 
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K,  =  (0.97  •  0.09  (a/w)2)  (1.12  -  0.13  (a/w)  + 

1.84  (a/w)2  -  0.11  (a/w) J  ♦  0.8  (a/w)«)  ?- a  V5i 

% 

for  a/w  >  0.2 

T1-6AL-4V 

The  results  in  Table  6  indicate: 

•  For  the  simple  sequence  data,  using  R=0. 1 
as  baseline,  the  addition  of  minor  cycles 
does  not  influence  the  crack  growth  rate 
until  the  magnitude  of  the  minor  cycle 
reaches  50%  (SS3)  of  the  major  cycle. 

•  For  the  complex  sequences,  using  the  full 
TURBISTAN  sequence  (TURB100)  as 
baseline,  minor  cycle  omission  levels  of 
10  and  30%  do  not  significantly  alter  the 
TUR3100  data.  When  the  omission  level 
reaches  50%  fTURB50)  the  crack  growth 
data  is  reduced  by  a  factor  of  two  at  30 
MPaVm 

•  The  crack  growth  rate  for  the  full 
TURBISTAN  sequence.  TURB1G0  is  four 
times  more  severe  than  the  R  =  0.1  data  at 
K-max  =  30  MPaVm 

•  The  overload  sequence.  SS4.  compared  to 
the  R  =  0.1  data  retards  the  crack  growth 
rate  by  a  factor  of  eight  at  10  Mpa^hn  and 
four  at  30  MPavm. 

The  results  in  Table  7  indicate: 

•  For  the  simple  sequence  data,  using  R  = 

0. 1  as  basciine.  the  minor  cycles  increase 
the  crack  growth  rate  when  the  minor 
cylccs  reach  30%  (SS2)  of  the  major  cycle 
and  increase  further  at  50%  (SS3). 

•  For  the  complex  sequences,  the  omission 
levels  of  10. 30  and  50%  do  not 
significantly  alter  the  baseline 
{TURBIOO)  data. 

•  The  crack  growth  rale  for  the  full 
TURBISTAN  sequence.  TURBiOO  is 
approximately  three  limes  more  severe 
than  the  R  =  0.1  data  at  Kj^ax  =  30  MPa\'m 

•  The  overload  sequence.  SS4  compared  to 
the  R  =  0. 1  data  retards  the  crack  growth 
rate  by  a  factor  of  four  at  30  MPavW 

Tl-17 

The  result  in  Table  8  indicates: 

•  For  the  simple  sequence  data,  using  R  = 
0.1  as  baseline,  the  addition  of  minor 


cycles  of  30  and  50%  (SS2  and  SS3)  of  the 
major  cycle  increases  the  baseline  crack 
growth  rate. 

•  For  the  complex  sequences,  the  crack 
growth  rale  is  reduced  by  a  factor  of  two 
for  the  50%  omission  level  (TRUB50)  at  30 
MPaVm. 

•  The  fufl  TURBISTAN  sequence.  TURBIOO. 
is  approximately  four  times  more  severe 
than  the  R=  0.1  data  at  Kmax  -  30  MPav'm. 

•  The  overload  sequence.  SS4.  compared  to 
the  R  =  0. 1  data  retards  the  crack  growth 
rate  by  a  factor  of  four  at  30  MPaVm. 

A  comparison  of  the  different  alloys 

indicates: 

•  Minor  cycles  of  10  to  30%  of  the  major 
cycle  do  not  significantly  alter  the 
constant  amplitude  or  TURBISTAN 
baseline  data  for  TI-6A1-4V  or  Tl-17. 

•  For  IMI 685  the  data  is  conflicting  as  the 
minor  cycle  effect  starts  at  30%  of  the 
major  cycle  for  the  constant  amplitude 
data  while  omission  levels  of  10.  30  and 
50%  did  not  reduce  the  crack  growth  rates 
for  the  baseline  TURBISTAN  data. 

•  The  full  TURBISTAN  sequence  produces 
crack  growth  rates  three  to  four  times 
higher  than  the  simple  R  =  0.1  trapezoidal 
baseline  data  for  the  three  alloys. 

•  The  retardation  effect  in  SS4  is  greater  in 
the  fine  grained  TI-6/VMV  (xlO)  than  the 
two  coarse  grained  alloys.  IMI  685  and  Tl- 
17  (x4)- 

•  The  DC  potential  drop  technique  proved 
successful  in  measuring  crack  lengths  in 
the  two  coarse  grained  Titanium  alloys. 

•  In  comparing  the  scatter  in  the  data.  Tl- 
17  produced  the  narrowest  range  of  data 
for  all  of  the  test  sequences.  The  different 
CT  specimen  thicknesses  (7  to  25  mm)  for 
the  Ti- 17  specimens  did  not  influence  the 
crack  growth  rate  results. 

7J0  DISCUSSION  ft  CONCLUSIONS 

The  major  objectives  of  the  faiiguc  crack 

growth  part  of  the  Supplmcntal  Programme 

were: 

•  build  on  the  testing  expertise  developed 
during  the  Core  Programme. 

•  expand  the  test  matrix  to  investigate  the 
effects  of  minor  cycles,  retardation  and 
variable  amplitude  loading  on  fatigue 
crack  growth. 

•  investigate  the  crack  growth  rate 
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properties  of  coarse  grained  titanium 
alloys,  and 

evaluate  the  DC  potential  drop  technique 
for  crack  length  measurements  in  coarse 
grained  titanium  alloys. 


The  retardation  effect  again  points  to 
material  microstructure  as  an  influence.  The 
retardation  in  T1-6AI-4V  was  two  to  three 
times  more  severe  than  'll- 17  and  IMI685. 


In  all  aspects  the  programme  objectives  were 
met.  One  hundred  and  eighty-five  tests  were 
carried  out  by  the  nine  participating 
laboratories.  Sixty  different  alloy/load  case 
combinations  were  studied.  The  DC  potential 
drop  technique  developed  in  the  Core  Phase 
was  successfully  used  for  all  tests. 

The  test  results  indicate  that  the  use  of  test 
sequences  other  than  simple  constant 
amplitude  can  greatly  affect  the  crack  growth 
rate  properties  of  a  material.  Loading 
sequences  for  rotating  gas  turbine 
components  have  traditionally  been  reduced 
to  a  single  major  cycle.  Minor  cycle  effects 
have  largely  been  ignored  or  viewed  as  non¬ 
damaging.  The  data  produced  in  the  test 
programme  indicates  that  miner  cycle  effects 
must  be  viewed  in  the  context  of  the  material 
microstructure.  T1-6A1-4V  with  a  grain  size 
in  the  range  of  25  pm  is  less  sensitive  to  the 
30%  minor  cycle  range  than  the  two  coarser 
grained  (400  pm}  alloys  where  the  30%  minor 
cycle  range  noticeably  accelerated  the  crack 
growth  rate.  However,  when  minor  cycle 
effects  are  combined  in  a  variable  amplitude 
sequence  such  as  TURBISTAN  the  results 
shew  a  different  ranking.  The  T1-SA1-4V  and 
Ti-17  show  emission  level  effects  at  the  50% 
level  white  I MI  685  shows  only  a  minor 
effect.  The  reason  for  the  different  material 
responses  to  the  loading  sequences  is  difficult 
to  explain.  A  more  detailed  statistical 
approach  would  be  useful  in  quantifying  the 
effects.  A  conclusion  however  is  that 
generalizing  sequence  effects  can  result  in  a 
non-conservative  estimate  of  fatigue  life. 

The  use  of  a  specific  leading  standard  such  as 
TURBISTAN  is  very  useful  for  comparative 
purpose.  At  present  TURBISTAN  is  the  only 
accepted  loading  standard  for  gas  turbine 
applications.  The  TURBISTAN  crack  growth 
results  indicate  that  using  a  single  cycle  to 
simulate  a  flight  is  a  non-conservative 
approach  by  two  to  three  times  when 
compared  to  the  TURBISTAN  data. 

Conversely  the  TURBISTAN  sequence  and  the 
load  selected  load  levels  may  be  too  severe. 
The  crack  growth  modelling  results  in 
Chapter  six  address  the  TURBISTAN  load 
levels  and  the  rate  of  damage  accumulation. 
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TABLE  1 

MECHANICAL  PROPERTIES  AT  ROOM  TEMPERATURE 
FOR  TITANIUM  ALLOYS 


0.2%  YS 

Ehmfatioa 

Reduction  in 

Ffctnie  Tonghnea* 

(MPa) 

t%) 

Area  (%) 

HP *V5T 

TI-6A1-4V 

970 

870 

11 

27 

70 

IMI  6S5 

1029 

903 

6* 

15* 

70 

Tl-17 

1175 

1035 

10 

19 

70 

Ignfanim  Specified 


TABLE  2 

FATIGUE  CRACK  GROWTH  SPECIMEN  IDEIHgICATKMf 


tUAMV 


AFCTO7 
*  08 

*  09 

*  10 
*  11 
'  12 

*  13 

'  14 

-  15 

*  16 

'  17 

*  18 

*  19 
CBCC07 

*  08 

-  09 

-  10 
CECni 

"  12 

-  13 
CECC14 

-  15 
"  16 

CECT17 
'  18 

*  19 
CECC20 

*  21 
*  22 

*  23 

’  24 

PICC07 

-  08 

'  09 

-  10 
"  11 

*  12 

'  13 

PICT14 
'  15 

’  16 
-  17 

'  18 
*  19 

RRCT28 


LOCATION 

DISC  1.21 

* 

22 

* 

24 

* 

25 

“ 

26 

* 

27 

* 

28 

“ 

37 

” 

41 

* 

30 

• 

40 

* 

39 

38 

* 

1 

3 

* 

4 

2 

10 

8 

** 

6 

• 

5 

* 

10 

6 

31 

“ 

35 

7 

* 

7 

* 

13 

* 

12 

* 

8 

9 

* 

20 

“ 

23 

* 

21 

• 

24 

“ 

22 

* 

17 

* 

19 

* 

15 

16 

• 

18 

• 

13 

* 

14 

• 

17 

19 

SSTYPE  l.FtO.O 
SSTYPE  1.  R=O.0 
SSTYPE  2.  R=00 
SSTYPE  3.  R=0.0 
SSTYPE  3.  R=O.0 
SSTYPE  4.  R=0.1 
SSTYPE  4.  R=0.1 
10%  TURBISTAN 
10% 

30% 

30% 

50% 

FULL. 

CSTAMP.  R=0.7 
SSTYPE  l.R=0.0 
SSTYPE  2.  R=0.0 
CSTAMP.  R=0.1 
CSTAMP.  R=0.1 
CSTAMP.  R=0.7 
SSTYPE  l.ffcOO 
SSTYPE  3.  R=0.0 
SSTYPE  3.  R=O.0 
SSTYPE  4.  R=0.1 
SSTYPE  4.  R=0.1 
10%  TURBISTAN 
FULL  TURBISTAN 
10% 

10% 

30% 

30% 

50% 

10% 

10% 

30% 

30% 

50% 

FULL 

FULL 

10% 

30% 

30% 

50% 

FULL 

FULL 

CSTAMP.  R=0.1 
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TABLE  3 

FATIGUE  CRACK  GROWTH  SPECIMEN  IDENTIFICATION 


DC 685  (5 discs) 


SPECIMEN  # 

LOCATION 

SEQUENCE 

IACC07 

DISC  2.2 

CSTAMP.  R=0.1 

"  06 

w 

4^ 

CAfSINE).  R=0. 1 

“  09 

M 

4* 

CSTAMP.  R=0. 1 

”  10 

DISC  4.4* 

CSTAMP.  R=0.7 

11 

4*  j 

CSTAMP.  R=0.7 

IACT12 

!  DISC  2.10  i 

CAISINE).  R=0. 1 

"  13 

** 

7* 

CSTAMP.  R=0.1 

"  14 

7 • 

CSTAMP.  R=0.1 

"  15 

M 

5 

CSTAMP.  R=0.1 

"  16 

2* 

CAISINE).  R=0.74 

"  17 

2* 

CSTAMP.  R=0.74 

IACC18 

M 

1 

FULL  TURBISTAN 

"  19 

3 

FULL 

"  20 

5* 

10% 

"  21 

5* 

10% 

"  22 

- 

6 

10% 

-  23 

M 

7 

30% 

"  24 

DISC  4.6 

30% 

"  25 

DISC  2.8 

50% 

"  26 

DISC  4.5 

50% 

IACT27 

DISC  2.1 

FULL 

"  28 

* 

1 

FULL 

"  29 

4 

FUL 

"  30 

m 

4 

FULL 

"  31 

*• 

9 

10% 

"  32 

M 

11 

30% 

"  33 

8 

30% 

"  34 

3 

50% 

"  35 

** 

6 

50% 

NLCC07 

DISC 

1.1 

CSTAMP.  R=0.1 

"  08 

3 

CSTAMP.  R=0.7 

"  09 

5 

CSTAMP.  R=0.0 

NLCT10 

*• 

7 

CSTAMP.  R=0-1 

"  11 

•* 

8 

CSTAMP.  R=0.7 

"  12 

9 

CSTAMP.  R=0.1 

"  13 

•• 

11 

CSTAMP.  R=0-1 

NLCC14 

" 

7 

10%  TURBISTAN 

"  15 

*• 

2 

30% 

"  16 

DISC  4. 3 

50% 

"  17 

DISC  1.6 

FULL 

"  18 

DISC  4. 2 

FULL 

NLCT19 

DISC  1.3 

10% 

"  20 

tt 

2 

30% 

"  21 

M 

4 

50% 

-  22 

M 

1 

FULL 

-  23 

5 

FULL 

"  24 

6 

FULL 

two  tests  from  one  specimen 
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TABLE  3  (Continued) 


SPECIMEN  # 

LOCATION 

SEQUENCE 

RACT07 

DISC  5.1 

SS  TYPE  3.  R=0.05 

06 

”  2 

SS  TYPE  2.  R=0.02 

09 

DISC  2.16 

SSTYPE  3.  R=0.C4 

10 

DISC  3.1 

SSTYPE  1.  R=0.06 

11 

DISC  2. 14 

SS  TYPE  4.  R=0. 1 1 

RACC12 

DISC  4. 10 

SSTYPE  1.  R=0.05 

13 

22 

SSTYPE  2.  R=0.06 

RACT14 

DISC  2. 17 

SSTYPE  2.  R=0.05 

15 

18 

SSTYPE  1.  R=0.06 

16 

DISC  3.  2 

SSTYPE  3.  R=0.02 

RACC17 

DISC  4.  13 

SSTYPE  3.  R=0.06 

18 

17 

SSTYPE  1.  R=0.05 

19 

■  14 

SSTYPE  2.  R=0.06 

20 

20 

SSTYPE  4.  R=0. 12 

RACT21 

DISC  2. 22 

FULL  TURBISTAN 

RACT22 

21 

FULL 

RACC23 

“  4.  15 

FULL 

RACC24 

11 

FULL 

RRCC07 

DISC  3. 1 

CSTAMP.  R=0.1 

08 

2 

CSTAMP  .  R=0.7 

09 

”  3 

CSTAMP.  R=0.7 

10 

5 

SSTYPE  1.  R=0.0 

11 

4 

SSTYPE  1.  R=0.0 

12 

6 

SSTYPE  2.  R=0.0 

13 

7 

SSTYPE  2.  R=0.0 

14 

”  8 

SSTYPE  3.  R=0.0 

15 

”  9 

SS  TYPE  3.  R=0.0 

16 

11 

SSTYPE  4.  R=O.0 

17 

10 

SSTYPE  4.  R=0.0 

RRCT18 

DISC  1.17 

CSTAMP.  R=0.7 

19 

DISC  3. 6 

CSTAMF.  R=0.1 

20 

DISC  1.13 

CSTAMP.  R=0.1 

21 

DISC  3.10 

SSTYPE  1.  R=0.0 

22 

”  9 

SSTYPE  1.  R=0.0 

23 

"  5 

SS  TYPE  2.  R=0.0 

24 

"  7 

SS  TYPE  3.  R=0.0 

25 

"  11 

SSTYPE  3.  R=0.0 

26 

DISC  1.12 

SSTYPE 4.  R=0.1 

27 

"  15 

SSTYPE 4.  R=0.1 

29 

"  14 

10%  TURBISTAN 

30 

"  18 

10% 

" 

31 

"  21 

30% 

r* 

32 

"  22 

30% 

•• 

33 

”  19 

50% 

34 

"  20 

50% 

35 

DISC  3.12 

FULL 

36 

DISC  1.16 

FULL 

RRCC37 

DISC  5. 3 

10% 

** 

38 

"  2 

10% 

** 

39 

"  8 

30% 

" 

40 

"  5 

30% 

41 

"  6 

50% 

42 

DISC  3.  12 

FULL 

43 

DISC  5. 1 

FULL 

*  7.r*  <fi  ♦ 


:  „  >  n  < T  i  > 


QECT07 


-  10 
"  11 
-  12 

-  13 

*  14 

‘  15 

■  16 
"  17 

‘  18 
‘  19 

-  20 
‘  21 
-  22 
-  23 

*  24 

*  25 
UTCC07 

'  06 


locator 


DISC  1.5 
■  6 
■  21 
“  63 

'  1 
“  14 

1CB 
12 

•  7 

-  2 
-  4 

•  20 
19 
13 
18 
1QA 

'  24 

16 

DISCI* 

2 


CSTAMP.  R=0.1 
CSX  AMP.  R=0.1 
CSTAMP.  R=0.1 
CSTAMP.  R=0-7 
SSTYPE  l.R^O.Ol 
SSTYPE  1.  R=0.01 
SS  TYPE  2,  R=0.01 
SSTYPE2.  R=0.01 
SSTYPE  3.  R=0.01 
SSTYPE  4.  R=0.1 
SSTYPE  4.  R=0.1 
FULL  TURBISTAN 
10% 

30% 

50% 

FULL 

10% 

30% 

50%  • 

CSTAMP.  R=0.1 
CSTAMP.  R=0.1 
CSTAMP.  R=0.7 
CSTAMP.  R=0_7 
SSTYPE  1.  R=O01 
SSTYPE  l.R=O.01 
SSTYPE  2.  R=001 
SSTYPE  2.  R=0l01 
SSTYPE  3.  R=0.01 
SSTYPE  3.  R=0.01 
SSTYPE  4.  R=ai 
SSTYPE  4.  R=0l1 
10%  TURBISTAN 
10% 

30% 

30% 

50% 

50% 

FULL 

FULL 


DESIGNATION 


TURB100 


TTT7 


15452 


10%  OMISSION  TURB10 


50%  OMISSION 


I 


TAWF.  6 

CRACK  GROWTH  KATE  KATE  DATA  FOR  T1-6AL~4  V 


SEQUENCE 


R=ai 

R=a7 

ssi 

552 

553 

554 

TURB10 

TURB30 

TURB50 

TURB100 


FIGURE# 


da/dN  (m  /  Cycle) 


(MPmVm)  £K 


1x10® 

1x10® 


8x10-7 

5x10 

8x10-7 

2x10-® 

2x10-7 

2x10-® 

2x10® 

1.5x10® 

3x10® 


R=Ol 

R=07 

551 

552 

553 

554 

TURB10 

TURB30 

TURB50 

TURB100 


21 

22 

23 

24 

25 

26 

27 

28 
29 

30.31 


da/iM  (at /Cycle) 

Ak=15 

(MPaVn)  Ak=40 

1x10® 

2-SxlO7 

5x10® 

- 

2x10® 

2x107 

1x10® 

4X107 

- 

8x107 

5x10® 

5x10® 

6x10-8 

7x107 

6x10® 

7x107 

3x10® 

6x107 

5x10® 

7xl07 

TABLES 

CRACK  GROWTH  RATE  HAXA  FOR  11-17 


SEQUENCE 

FIGURE# 

R=0.1 

32 

R=0-7 

33 

SSI 

34 

SS2 

35 

SS3 

36 

SS4 

37 

TURB10 

38 

TURB30 

39 

TURB50 

40 

TURB100 

41 

<lk=  10 


3x10® 

6x10® 

3x10® 

3.5x10® 

7x10® 

6x10® 

1x107 

8x10® 

5x10® 

9x10® 


da/<W  fm  /  Cycle) 


vm)  Ak 


6xl07 

9xl07 

1.5x10® 

1.5x107 

2.5x10® 

2x10® 

1x10® 

2x10® 


Dimensions  in  mm 


Fig.  3:  Disk  CuMJp  Doming  for  M  6(5 


0  f  1  2  3 

ft 

Current  Off  Current  On 
Potential  Measurement 


4  5  6  7  8  9  10  11 

- Time  (seconds) 


Fig.  7:  Graphical  presentation  of  overload  sequence  SS4 


Current  Off  Current  On  Time  (seconds) 

Potential  Measurement 


Fig.  9:  Suggested  PD  measurement  procedure  for  SS2  sequence. 

Note  the  adcfition  of  the  one  second  dwell  time  100%  relative  load. 


Fig.  10:  Suggested  PD  measurement  procedure  in  flight  #1  of  TURBISTAN  sequence. 
Note  the  addition  of  the  one  second  dwell  time  at  100%  relative  load. 
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CHAPTERS 
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L  INTRODUCTION 

Seven  companies  or  laboratories  initially  entered  the  exercise:  CEAT.  FFA.  GE.  NASA. 
NLR.  Pratt  &  Whitney.  Rolls-Royce.  Two  erf  them  withdrew  (GE.  Pratt  &  Whitney).  The  following 
paragraphs  present  a  short  description  of  the  models  and  some  information  on  how  the  data 
base  was  handled  in  order  to  carry  out  the  predictions.  A  list  of  references  on  each  model  is 
given. 

2.  CEAT  MODEL 

2.1  Model  Description 

CEAT  used  the  PREFFAS  (1.  2.  3)  model  for  crack  growth  predictions.  This  model  was 
developed  by  Aerospatiale  typically  for  application  on  aluminum  alloy  components  under 
spectra  typical  for  aircraft.  It  is  based  on  the  crack  closure  phenomena  and  on  the  corresponding 
effective  stress  intensity  factor  range.  It  considers  da/dN  =Cak£j. 

In  order  to  account  for  small  cycles  -  large  cycles  interaction,  the  sequence  is  decomposed 
in  elementary  cycles  by  an  algorithm  which  takes  into  account  the  rainflow  effect.  The  model 
requires  a  short  block  size  during  which  the  crack  length  is  held  constant.  The  effective  stress 
intensity  factor  is  determined  for  each  cycle  of  the  sequence  using  the  Elber's  concept  as  AK  cjt  = 
(AR+B)  AK  (with  A+B=  1).  It  then  calculates,  on  a  cycle  by  cycle  basis,  the  growth  during  one  block 
and  the  so-called  block  efficiency  v’.o  n-.  The  crack  growth  rate  per  block  can  then  be 

(EF=2/Pe»  1 

1=1 

determined  as  da/dN  =  D.EF  K  ^ .  The  identification  of  the  model  involves  determining  the  values 
of  A.  B.  C  and  n.  For  aircraft  loading  conditions,  the  authors  recommend  the  use  of  crack  growth 
results  for  R=0. 1  and  of  a  1.7  ratio  overload  (every  100  cycle)  sequence.  However,  the  model  can 
be  identified  from  any  two  sets  of  data  under  different  loading  conditions. 


5-2 


2l2  Data  Handling 

The  values  of  A.  B.  C  and  n  are  determined  by  a  best  fit  method  applied  to  the  R=0.  l.  R=0.7 
and  Type  4  (1.7  overload  sequence)  data. 


For  the  three  alloys,  the  following  sets  of  parameters  were  chosen: 


n 

A 

B 

TI-6A1-4V/CT 

4.36 

0.439 

0.561 

TI-6AI-4V/CC 

3.75 

0.353 

0.647 

IMI685/CT 

4.43 

0.190 

0.810 

IMI685/CC 

3.80 

0.377 

0.623 

Til7/CT 

2.72 

0.405 

0.595 

T117/CC 

3.55 

0.287 

0.713 

a  NASA  MODEL 

ai  Model  Description 

The  NASA  crack  growth  predictions  were  made  using  the  life  prediction  code  FASTRAN  II 
(4.  5.  6).  FASTRAN  II  is  a  life  prediction  code  based  on  Elber's  plasticity-induced  closure  concept 
and  the  effective  stress-intensity  factor  range  AKcfr. 

The  analytical  crack  closure  model  is  based  on  the  Dugdale  model  modified  to  leave 
plastically  deformed  material  in  the  wake  of  the  crack.  At  the  cycle  peak  stress  (in  tension  only), 
the  effect  of  state  of  stress  on  plastic  zone  size  and  displacements  are  approximately  accounted 
for  by  using  a  constraint  factor  cl  The  elfcclivc  flow  stress  is  taken  as  a  a  0_  with  a=l  for  plane 
stress  and  a=3  for  plain  strain  conditions.  Oo  is  the  average  between  the  yield  stress  and  the 

ultimate  stress.  The  physical  crack  growth  is  operated  independently  of  the  analytical  closure 
model.  It  is  calculated  essentially  cycle  by  cycle  from  the  growth  rate  relation.  The  opening 
stress  is  held  constant  until  a  certain  amount  of  crack  extension.  Aa*.  has  been  reached  (Aa*  is  a 
fraction  of  the  cyclic  plastic  zone  size)  or  until  the  applied  stress  exceeds  one  third  of  the 
maximum  stress  to  be  applied  to  the  cracked  specimen.  After  that  phase,  the  crack  opening  level 
is  updated  involving  the  relevant  max  and  min  stress  levels  of  the  previous  phase¬ 
s'  Data  Handling 

The  constraint  factor  a  has  been  determined  by  a  trial  and  error  method  as  the  value 
which  fits  the  R=-0. 1  and  R=0.7  data.  For  the  three  alloy  a  similar  o  values  were  taken  for  both 
CT  and  CC  geometries. 

a. 

1.9 
1.8 
2.0 


Ti-6A1-4V 
IMI685 
Til  7 
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The  baseline  crack  growth  rate  vs.  AK^  relation  was  determined  for  each  alloy-geometry 
case  as  an  assembly  of  linear  segments  in  order  to  account  for  the  transitional  behaviours. 
Fracture  toughness  and  flow  stress  (oo)  values  were  determined  from  the  literature. 

4.  FFA  MODEL 

4.1  Model  Description 

FFA  used  a  linear  crack  growth  prediction  code  LIFE  (7.  8)  since  non-linea.  load 
interaction  effects  were  not  expected  to  prevail  to  a  significant  amount.  R  ratio  effects  were 
taken  into  account  by  use  of  Newsman’s  formula  for  crack  opening  stress  level  depending  on  the 
material  flow  stress.  Co.  a  constraint  factor,  a  and  the  maximum  stress  of  the  cycle.  Newman’s 

formula  which  had  been  derived  from  analytical  and  numerical  studies  was  applied  to  establish 
the  basic  crack  growth  curves  in  terms  of  AK  For  variable  amplitude  loading,  this  formula 

was  applied  to  derive  effective  stress  intensity  ranges  for  individual  reversals  and  corresponding 
crack  increments  from  the  basic  curve.  Crack  increments  were  accumulated  linearly. 

4.2  Data  Handling 

All  experimental  results  from  the  two  constant  amplitude  load  lest  series  have  been  used. 
In  a  log-log  da/dN  vs.  AK  diagram,  a  curve  composed  of  several  linear  segments  was  visually 
fitted  for  each  R  value.  Points  on  this  curve  were  then  given  as  a  table  in  the  prediction 
programme. 

Similar  to  the  NASA  approach,  the  R=0. 1  and  R=0.7  data  were  used  to  determine  the 
constraint  factor,  cl  The  threshold  value  AK  tj,  and  K  ic  were  set  to  the  following  values. 


AKfe  (MPaVm) 

Kfc  (MPa\?m) 

Ti-6A1-4V 

5.0 

75.0 

IMI685 

7.5 

70.0 

Til7 

6.0 

70.0 

5.0  NLR  MODEL 
5.1  Model  Description 

The  NLR  predictions  were  made  using  the  CRACKS  2000  software.  It  is  based  on  the 
NASA/FLAGRO  programme  which  provides  the  framework  for  calculation  and  was  extended  by 
the  NLR/CORPUS  crack  opening  model  (9-1 1).  Crack  growth  is  analysed  not  on  a  cyclc-by-cycle 
basis,  but  by  integrating  crack  increments  resulting  from  the  rairtflow  counted  load  steps  of  the 
spectrum  histogram  under  consideration  of  effective  stress  ranges.  Each  load  step  of  the 
histogram  consists  of  a  number  of  constant  amplitude  load  cycles  where  the  opening  load  and 
the  stress  intensity  factor  as  well  as  the  opening  level  arc  updated. 
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For  crack  opening  level  calculation  the  CORPUS  module  is  activated.  It  consists  of  a  set 
of  rules  which  control  the  opening  level  dependent  on  previous  mas  and  min  stress  levels  and 
their  mutual  interaction.  Previous  peak  loads  loose  their  influence  on  crack  opening  as  soon  as 
the  crack  and  its  current  plastic  zone  have  grown  through  the  plastic  zone  caused  by  the 
respective  peak  load.  For  calculation  of  opening  levels  caused  by  single  load  cycles  empirically 
or  analytically  (via  a  strip  yield  model)  derived  functions  are  implemented. 

The  physical  background  of  the  opening  model  is  explained  by  the  introduction  of  plastic 
deformation  caused  by  peak  loads  which  will  be  visible  as  ridges  or  humps  on  the  fracture 
surfaces  and  will  increase  the  crack  opening  stress.  Subsequent  underload  may  flatten  the  ridges 
and  therefore  decrease  the  opening  stress  to  some  extent.  Multiple  overload  effects  can  be 
handled  by  consideration  of  the  interaction  of  several  peak  loads. 

Thickness  effects,  or  the  state  of  stress  at  the  crack  tip.  are  accounted  for  through  a 
constraint  factor,  a,  which  influences  the  opening  level.  It  is  determined  by  fitting  material 
parameters  to  overload  test  results  i.e.  to  simple  sequence  Type  4  data. 

5L2  Input  Data  Handling 

The  input  data  od  CRACKS  2000  consist  of: 

Material  properties.  e.g..  K  |c .  AK  q,.  oq^- E 

Material  properties 

Specimen  geometry 

Load  Spectrum  (rainflow  counted). 

The  material  parameters  are  determined  by  fits  of  da/dX-AK  data  for  R=0. 1 .  R=0.7  and 
simple  sequence  Type  4  using  the  software  module  CRAFIT.  Material  parameters  arc  generated 
for  each  of  the  materials  not  differentiating  between  specimen  geometries.  These  material, 
parameters  account  for  threshold.  C  and  n  similar  to  the  Paris-Elbcr  law.  primary"  plastic  flow 
and  constraint  of  yielding. 


a  ROLLS-ROYCE  MODEL 

6.1  Model  Description 

Stress  ratio  effects  arc  taken  into  account  by  use  of  the  Walker  model  da/dX  =  (AK  •  (1- 
R)m)n.  The  simple  sequence  cases  were  predicted  by  linear  accumulation  of  crack  increments. 
For  the  TURBISTAX  cases  a  so-called  "Modified  Trend  Analysis"  is  applied  which  consists  of  a 
linear  accumulation  rule  including  rainflow  count  procedures  modified  by  an  overload 
parameter.  Paris  constant  C  and  n  derived  from  overload  tests  Type  4  arc  therefore  additionally 
introduced  as  basic  input  data  for  spectrum  crack  growth  predictions.  Further  details  of  the 
model  were  not  disclosed  within  the  present  exercise. 


6l2  Input  Data  Handling 


Tlie  crack  growth  data  base  results  (R  =  0. 1  and  0.7.  Type  4  sequence)  have  been  regression 
analysed  to  provide  the  Paris  law  coefficients  C  and  n  as  well  as  the  Walker  exponent  m.  CC  and 
CT  specimen  results  were  analysed  separately  which  means  that  constants  and  co-efficients  were 
assumed  tc  be  not  only  material  dependent.  The  following  set  of  coefficients  have  been  used  by 
Rolls  Royce. 

CONSTANT  AMPLITUDE  TYPE  4  SEQUENCE 


C 

n 

C 

n 

m 

T16A14V/CT 

0.7214E-12 

4.238 

0.3239E-13 

4.225 

0.767 

Ti6A14V/CC 

0.245SE-12 

4.327 

0.6829E- 12 

3.256 

0.691 

IMI685/CT 

0.1745E-13 

4.822 

0.4435E-16 

6.192 

0.670 

IMI685/CC 

0.2349E-12 

4.109 

0.2570E-12 

3.487 

0.628 

Ti-17/CT 

0.4543E-10 

2.800 

0.3900E- 1 1 

3.109 

0.858 

Ti-17/CC 

0.2153E-1 1 

3.700 

0.6323E-12 

3.697 

0.577 
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CHAPTER  6 

CRACK  GROWTH  PREDICTION  RESULTS 


by 

Eric  Jany  &  Ofivier  Renne 
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310o6  Toulouse  -  France 

and 

Paid  Heuier 

Industrienanlagen  Be!  riebgeseBschaft  mbH  (1ABG) 
D8012  Ottobrunn.  Germany 


1.  Introduction 

In  the  foBowing.  prediction  results  for  the  60  test  cases  described  in  Chapter  4  are  presented  and  discussed. 
The  predictions  were  made  by  CEAT.  NASA.  FFA.  NLR  and  RR  (who  carried  cut  only  a  limited  number  of 
cases)  using  the  respective  models  described  in  Chapter  5.  Thx  chapter  starts  with  a  short  consideration  of 
criteria  for  the  assessment  of  model  predictions,  presents  an  overview  of  the  whole  bcdy  of  results  followed 
by  a  discussion  of  aspects  relevant  to  modelling  of  crack  growth  and  application  within  the  design  process. 


2.  Crieria  for  the  assessment  of  prediction  models 

The  assessment  of  the  prediction  capabilities  of  models  is  not  straightforward  because  durability  and  crack 
growth  considerations  represent  only  one  part  of  the  design  and  Sing  process  among  many  others.  It  is  not 
reasonable  to  ask  far  a  high  precision  of  prediction  models  if  important  input  variables  such  as  the  loading 
environment  or  the  influence  of  corrosive  media  can  only  be  specified  with  a  relatively  high  degree 
uncertainty.  According  to  Schijve  (1)  results  of  prediction  models  can  be  judged  based  on  different  criteria: 

-  crack  growth  He  from  an  initial  to  a  specified  crack  length  or  to  fa2ure 

-  crack  growth  rate  within  the  range  of  crack  lengths  considered 

-  crack  increments  due  to  individual  segments,  e  g.  flights  or  even  individual  cycles. 

From  a  practical  point  of  view,  the  First  criterion  would  be  sufficient.  As  Schijve  points  out.  however,  a  more 
detailed  assessment  is  recommended  in  order  to  check  the  physical  basis  of  a  prediction  model  which,  in 
case  of  a  positive  judgement,  would  give  more  confidence  for  general  application.  This  consideration  brings 
about  the  requirement  that  models  should  predict  empirical  trends  in  simple  variable  amplitude  (e.g. 
overload)  tests  with  a  sufficient  quantitative  accuracy  (1).  The  definition  of  an  acceptable  quantitative  overall 
prediction  accuracy  depends  again  on  many  aspects.  Schijve  proposes,  as  a  personal  view,  to  consider  a 
prediction  to  be  good  if  the  ratio  of  predicted  versus  actual  Eves  is  within  the  range  of  0.67  to  15  and  as  an 
acceptable  quality  if  the  range  is  05  to  2.  The  latter  definition  is  identical  to  that  suggested  in  (2).  whereas 
Gassner  (3)  proposed  (mainly  with  regard  to  Miner  type  He  predictions)  that  90  percent  of  the  predictions 
should  faS  into  a  range  of  12  on  the  safe  side. 


3.  Prediction  results 

In  the  foBowing  an  overview  of  the  prediction  results  is  done  for  each  material  and  each  specimen  geometry. 
This  covers  general  comments  on  the  data  base  and  its  utilisation  by  the  modellers  and  an  overall  comparison 
of  the  predicted  and  experimental  results. 

Experimental  results  on  Ti-6AMV.  1M16S5  and  Ti17  taken  into  account  for  the  comparison  are  listed 
respectively  in  Table  12  and  3. 

For  each  (material,  specimen)  couple,  the  foBowing  data  are  provided: 
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•  an  overall  result  table 

This  gives  the  number  of  cycles  predicted  by  each  model,  the  cycle  number  measured  during  the  test  and 
the  N  prediction  /  N  test  ratio.  If  the  prediction  or  the  test  was  performed  for  non  valid  load  conditions  (resp. 
non  valid  crack  length  range),  the  table  reads  NVl  (resp.  NV2)  (non  valid  meaning  different  from  the 
prescribed  one). 

-  a  N  prediction/  N  test  ratio  chart 

-  a  vs.  N  curves  for  each  test  condition 

These  curves  enable  for  each  test  condition  a  comparison  between  the  test  result  and  the  prediction. 

-da/dN  vs.  AK  curves  for  the  deferent  tests  or  for  each  modelled  result  test 
These  crxves  enable  a  more  complete  analysis  of  the  model  performance.  In  these  charts.  AK  is  the  stress 
intensity  factor  variation  during  one  elementary  cycle  (R=01  and  0.7 .  Type  4  sequence  without  considering 
the  overload  cycle),  during  each  periodical  sequence  (for  Type  1  to  3  sequences)  during  each  flight  (for 
Turbistan  sequences).  da/dN  is  the  crack  extension  during  each  of  the  cycle  or  flight  as  defined  above. 

Nota: 

i)  The  crack  length  ranges  considered  in  the  analysis  differ  for  some  cases  from  the  original  ones  presented 

in  the  NRC  report  (ref.:  LTR-ST-1785).  These  modifications  have  been  done  in  order  to  take  into  account 

predictions  which  have  beer:  done  with  crack  length  ranges  different  from  the  prescribed  ones. 

i)  For  some  predictions  the  crack  length  range  was  stil  too  different  from  the  standard  one.  In  these  cases,  a 

Nprediction  /  Ntest  ratio  was  calculated  on  the  basis  of  the  longest  common  crack  length  range. 

iii)  it  should  be  noted  that  the  thickness  of  the  Til  7  CT  specimens  varied  to  some  extent.  This  might 

introduce  some  differences  with  regard  to  the  constraint  prevailing  at  the  crack  tip 


3.1  Tr-€AMV.  CT  specimens 

Prediction  overal  results:  Table  4 
Nprediction  /  Ntest  charts:  Fig.1 
a  vs.  N  {dots:  Fie.4  to  13 
da/dN  vs.  AK  plots:  Fig.64  to  73 

The  data  base  is  composed  of  only  a  very  limited  number  of  tests,  since  it  has  been  decided  to  restrict  the 
data  base  to  the  results  created  within  the  present  programme.  Thus  results  from  the  Core  programme  were 
not  considered.  The  test  results  appear  to  be  consistent  except  for  the  R=0 1  case  where  specimen  CT11 
seems  more  valid  than  CT28.  CT11  specimen  has  been  used  by  all  modellers  and  is  used  for  prediction 
analysis  as  wel  Comparison  test  for  Type  3.  Turbrstan  30  and  50  do  net  exist.  Other  comparison  tests  do 
not  show  any  specific  feature 

Prediction  results  show  a  good  agreement  for  Type  1  and  Type  2  cases  and  for  Turbistan  00  and  10. 
Predict  sens  for  Type  4  sequence  are  very  scattered:  only  NASA  pet  rides  a  good  prediction.  Predictions  on 
Turbistan  sequences  are  conservative.  For  type  1  and  2  conditions  NLR  and  NASA's  predictions  are  not 
conservative. 

All  da/dN  vs.  AK  prediction,  except  FFA's  exhibit  a  linear  behaviour.  FFA  models  a  slope  change  similar  to 
the  actual  test  behaviour. 


3.2  Ti-6A1-4V,  CC  specimens 

Prediction  overal  results:  Table  4 
Nprediction  /  Ntest  charts:  Fig.1 
a  vs.  N  plots:  Fig.14  to  23 
da/dN  vs.  AK  plots:  Fig. 74  to  85 

There  is  no  peculiar  feature  in  the  data  base.  AD  comparison  tests  exist.  There  is  a  high  discrepancy 
between  the  TurbistanOO  and  10  on  one  side  and  the  Turbistan  30  and  50  on  the  other  side  as  shown  on 
Fig.75. 

Prediction  results  are  in  good  agreement  wih  tests  and  conservative  for  Tixbistan  30  and  50.  They  are  no! 
for  Turbistan  10  and  especially  Turbistan  00  where  the  N  prediction  /  N  test  ratio  is  higher  than  2  for  all 
models.  For  type  1  and  2  conditions  the  predictions  are  good.  They  are  conservative  for  al  modellers 
except  NASA  No  prediction  is  conservative  for  type  3  condition  and  the  N  prediction  /  N  test  ratio  reaches  a 
value  of  2  for  FAA  and  Ro5s-Royce  predictions.  Type  4  prediction  is  poor  for  FFA. 

A!  predicted  da/dN  vs.  AK  curves  exfubd  a  &iear  behaviour  except  NLR  and  FFA  for  R=0.7  condition. 
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3.3  IMI 685,  CT  specimens 

Prediction  overall  results:  Table  5 
Nprediction  /  Ntest  charts:  Fig 2 
a  vs.  N  plots:  Fig24  to  33 
da/dN  vs.  AK  plots:  Rg.86  to  95 

In  this  case,  the  data  base  is  very  rich  but  shows  very  little  scattering.  The  da/dN  vs.  K  curves  are  mostly  finear 
with  a  dope  of  about  4.5.  AB  comparison  tests,  except  Type  3,  exist 

Prediction  results  are  generally  in  good  agreement  with  the  tests  sometimes  conservative  sometimes  not. 
Type  4  prediction  is  poor  for  FFA  and  CEAT. 

da/dN  vs.  AK  prediction  curves  show  a  linear  behaviour  except  FFA  and  NASA 's 


3.4  IMI  685.  CC  specimens 

Prediction  overall  results:  Table  5 
Nprediction  /  Ntest  charts:  Fig  2 
a  vs.  N  plots:  Fig.34  to  43 
da/dN  vs.  AK  plots:  Fig.96  tc  105 

The  data  base  is  also  very  rich  anc  equivalent  to  the  CT  data  base.  AO  comparison  tests  exist.  Type  2  test 
shows  high  crack  growth  rates  compared  with  Type  1  and  Type  3  (Fig.96).  Turbistan  50  test  also  shows  a 
complex  behaviour  in  its  fast  fart  (Fig.97). 

Prediction  results  are  in  good  agreement  with  the  tests  except  for  Type  2  conditions.  NASA  and  NLR 

predictions  remain  conservative  in  most  cases. 

da/dN  vs.  AK  prediction  curves  show  a  linear  behaviour  except  for  FFA. 


3.5  Ti  17.  CT  specimens 

Prediction  overall  results:  Table  6 
Nprediction  /  Ntest  charts:  Fig. 3 
a  vs.  N  plots:  Fig.44  to  53 
da/dN  vs.  AK  plots:  Fig.106  to  1 15 

The  data  base  is  very  consistent  and  shows  a  linear  behaviour  with  a  2.7  slope.  AB  comparison  tests  exist. 
No  specific  feature  is  to  be  noticed. 

The  prediction  results  are  in  good  agreement  with  the  tests  except  for  FFA's  Type  4.  The  prediction/test 
ratios  are  around  unity. 

Only  FFA  da/dN  vs.  AK  prediction  curves  do  not  show  a  linear  behaviour. 


3.6  Ti  17.  CC  specimens 

Prediction  overall  results:  Table  6 
Nprediction  /  Ntest  charts:  Fig.3 
a  vs.  N  plots:  Fig  .54  to  63 
da/dN  vs.  AK  plots:  Fig.1 16  to  125 

The  data  base  is  also  very  consistent  and  similar  to  the  CT  specimen  data  base.  AB  comparison  tests  exist. 
Type  2  crack  growth  rate  is  a  bit  high  compared  with  type  1  and  Type  3  results. 

The  prediction  results  are  in  good  agreement  with  the  tests  except  for  CEATs  Type  2  and  FFA's  Type  4. 

They  are  sometimes  conservative  sometimes  not 

Only  FFA  d&'dN  vs.  AK  prediction  curves  show  a  non  linear  behaviour. 


4.  Discussion 

4.1  General  comments 

For  an  assessment  of  the  results  presented  above,  the  basis  for  the  comparison  of  tests  and  predictions 
should  be  reconsidered  In  most  cases,  two  or  more  sets  of  data  for  each  material/geometry/loading 
condition  were  available  to  the  modellers  to  derive  average  base-line  da/dN  versus  AK  curves.  Contrary  to 
that,  the  variable  amplitude  (simple  sequences)  and  Turbistan  test  load  cases  consist  of  one  individual  test 
result  each.  Therefore  no  smoothening  or  averaging  effect  prevents  the  direct  influence  of  possiile  singular 
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phenomena  on  test  life.  Such  singular  events,  maybe  due  to  micros! ructural  peculiarities  or  some  unknown 
problems  with  testing  itself,  are  normally  not  covered  by  base-line  mean  curves  which  means  that  the 
respective  predictions  might  erroneously  be  termed  as  non  acceptable.  This  should  be  kept  in  mind  for  the 
following  discussions.  Examples  for  the  above  mentioned  problem  are  the  cases  of  T1-6AMV  CC 
TurbistanOO  and  IMI 685  CC  Type  2  where  all  models  reveal  non  conservative  predictions,  see  Figs.  1  and  2. 


4 2.  Crack  growth  lives 

With  regard  to  the  above  statements,  it  can  be  said  that,  with  the  exception  of  the  overload  Type  4 
sequence,  all  predictions  are  in  most  cases  in  good  agreement  with  the  test  results.  Significant  differences 
between  the  five  models  do  not  occur  which  is  somewhat  surprising  at  first  glance  with  regard  to  the 
differences  of  the  models,  ranging  from  rather  simple  linear  algorithms  to  quite  complex  interaction  models. 

Most  predictions  of  the  present  exercise  are  in  the  0 J5  to  2  range  which  can  be  designated  as  acceptable  in 
accordance  with  Schijve’s  criterion. 

For  a  more  detailed  analysis,  the  life  ratios  given  in  Tables  4  to  6  have  been  statistically  evaluated  to 
determine  a  mean  life  ratio  and  the  standard  deviation  assuming  a  log-normal  distribution  of  life  ratios. 
Results  for  CT  and  CC  specimens  and  all  three  materials  have  been  combined,  but  individual  consideration  is 
made  for  the  type  of  loading  sequence,  i.e.  constant  amplitude  loading.  Type  1  to  3  sequences.  Turbistan 
and  Type  4  sequence  (Table  10).  For  the  sake  of  completeness,  the  statistical  evaluation  has  been  made  for 
aO  predictions  (see  first  group  Table  10).  For  the  following  discussion,  however,  two  test  cases  have  been 
excluded  for  the  reason  mentioned  above  (see  paragraph  4.1). 

Predictions  of  the  constant  amplitude  tests  (R=0.1  and  R=0.7)  are  good.  However  it  must  be  noticed  that 
the  results  are  not  significantly  better  than  those  detained  for  complex  sequences. 

Combining  Turbistan  and  Type  1  to  3  results,  i.e.  loading  sequences  which  represent  actual  disc  loads,  all 
models  provide  very  good  predictions.  Some  small  differences  between  the  models  can  be  observed  with 
regard  to  scatter.  The  lowest  scatter  is  found  with  the  NLR  model,  but  FFA  linear  prediction  also  delivers 
good  results. 

With  regard  to  the  overload  Type  4  sequence,  the  Bnear  prediction  (FFA)  turns  out  to  be  very  conservative 
due  to  the  retardation  effects  which  are  no!  taken  into  account.  Here.  NLR  and  CEAT  predictions  are  rather 
scattered,  though  Type  4  test  results  have  been  used  as  input  data  to  identify  the  model.  It  can  be  assumed 
that  predictions  for  this  type  of  loading  strongly  depend  on  the  weight  which  is  given  to  overload  data  for 
determination  of  the  basic  coefficients  and  factors  of  the  respective  models.  The  overload  Type  4  results  are 
well  predicted  by  the  NASA  model  which  uses  only  constant  amplitude  data  as  basic  input. 


4.3  Crack  growth  rates  da/dN  vs.  AK 
Constant  amplitude  loading  (R=0.1  and  R=0.7I 

These  data  provide  the  basis  for  predictions  and  it  is .  therefore,  interesting  to  note  how  the  input  data  were 
handled  by  each  participant. 

Most  of  the  actual  crack  growth  rate  data  present  a  more  or  less  linear  behaviour  in  a  log-log  plot.  Some 
exceptions  are  test  data  for  T5-6AI-4V  and  IMI685  CT  and  CC  at  R=0.7  where  a  slope  change  of  the  crack 
growth  curves  exists.  Slight  irregularities  of  the  test  data  are  of  course  not  reflected  in  great  detail  by  the 
mean  curves  produced  by  the  modeSers.  In  most  cases,  the  predicted  cfci/dN  vs.  AK  are  linear  and  parallel  for 
both  R  ratios.  Again,  exceptions  can  be  found  for  FFA  and  NLR  predictions  for  Ti-6AI-4V  CC.  NASA 

predictions  for  IMI685  CT  with  a  slope  decrease  at  AK  levels  of  13  (R=0  7)  and  24  (R=0.1)  MPaVm 
respectively.  Contrary  to  that,  the  FFA  prediction  reveals  a  slope  increase  for  the  IMI685  CC  data  at  R=0.1 

around  AK=16  MPaVin. 

As  an  example  of  how  modelling  the  inpul  data  controls  the  prediction  for  variable  amplitude  loading,  the 
CEAT  predictions  for  Til  7  Type  2  cases  wi2  be  considered.  For  the  CT  specimen,  the  R=0.7  crack  growth 
life  is  underpredicted  (Fig .3)  The  Type  2  sequence  where  the  R  ratio  of  the  small  cycles  is  also  0.7  is  then 
also  undeipr edict  ed  A  similar  dependency,  bul  this  time  on  the  non-conservative  side,  can  be  found  for  the 
respective  Eves  of  the  CC  specimens. 


Tables  7. 8  and  9  provide  the  values  of  the  da/dN  vs.  AK  slopes  of  each  prediction.  Tire  scatter  in  the  slope 
appreciation  is  of  the  order  of  0  4  around  the  mean  value. 
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Variable  amplitude  loading 

In  most  cases,  the  predicted  curves  are  linear  where  the  R=0.1  and  R=0.7  curves  were  considered  linear. 
Transitions  in  the  constant  amplitude  curves  are  reflected  in  the  predicted  variable  amplitude  curves.  There 
are.  however,  some  exception  for  H-6AMV  FFA  CT  and  CC  ami  NLR  CC  specimens  where  a  knee  in  the 
R=0,7  curve  is  not  reflected  in  the  variable  amplitude  predictions. 

The  comparison  of  R=0.1  and  Type  1  cases  shows  for  all  materials  and  specimens  lower  crack  growth  rates 
for  Type  1  than  for  R=0.1  except  for  FFA  predictions  where  in  most  cases  the  two  results  are  equivalent. 
Obviously,  the  minor  cycles  with  10%  of  the  maximum  load  range  were  not  effective.  i.e.  below  threshold. 
Furthermore  it  can  be  assumed  that  this  finding  is  a  consequence  of  crack  closure  which  gives  slightly  higher 
AKeff  values  for  R=0.1  than  for  R=0  Type  1  sequence. 


4.4  Contribution  of  small  cycle 

An  important  feature  of  the  models  is  their  accounting  of  smaD  cycles  for  crack  growth  propagation  growth.  If 
a  model  gives  less  weight  to  the  small  cycles  than  experimental  tests,  it  is  likely  that  this  model  will  provide 
non  conservative  predictions. 

In  order  to  study  this  point,  an  analysis  is  done  by  comparing  Turbsstan  test  results  and  predictions  as  shown 
on  Fig.126  to  137.  From  Turfcistan  50  to  Turbistan  00  small  cycles  of  progressively  lower  amplitude  are 
added  to  the  sequence.  Each  plot  presents  the  relative  life  reduction  due  to  the  addition  of  this  small  cycles, 
for  the  test  results  and  for  the  prediction  results  as  well.  A  similar  analysis  is  done  with  the  Type  1 . 2  and  3 
conditions  by  plotting  the  relative  life  reduction  due  to  the  increase  of  the  small  cycle  amplitude  from  10% 
(Type  1)  to  30  (Type  2)  and  tiien  50%  (Type  3). 

This  shows: 

-  the  difficulty  to  compare  small  cycle  influence  between  tests  and  predictions  due  to  the  scatter  in 
experimental  results  This  is  true  for  both,  the  overall  life  data  and  the  da/tiN  vs.  AK  plots. 

for  Type  1 . 2  and  3  sequences: 

-  the  life  reduction  due  to  the  increase  of  small  cycle  amplitude  is  different  from  one  model  to  another, 
but  it  seems  that  NASA  always  predicts  the  higher  reduction  and  FFA  generally  predicts  the  lower  reduction. 

-  the  analysis  of  the  da/dN  vs.  AK  plots  shows  that  in  almost  all  cases  and  for  the  AK  range  considered, 
the  three  curves  are  linear  and  parallel.  This  can  be  considered  as  an  indication  that  the  small  amplitude 
cycles  of  respectively  10.  30  and  50%  are  totally  effective  over  the  whole  stress  intensity  factor  range.  The 
NASA  IMI  685  CT  cases  are  special  in  the  sense  that  the  predictions  for  the  three  sequences  exhibit  a 
double  slope  behaviour,  reflecting  the  R=0.7  data,  but  the  slopes  are  still  parallel .  The  only  real  exception  to 
this  behaviour  is  for  FFA  Til  7  CT  cases  where  there  is  a  typical  "threshold  "effect.  The  small  cycles  start  to  be 
crack  growth  effective  only  above  a  threshold  value.  This  appears  dearly  on  the  Type  2  and  Type  3 
predictions. 


for  Turbistan  sequences: 

-  the  difference  between  models.  For  aS  (material,  specimen)  couples,  the  models  predict  a  saturation 
in  He  reduction .  The  He  decreases  from  Tuibistan  50  to  Tuibistan  30  and  from  Tuibistan  30  tc  Tuibistan  10 
but  stays  constant  between  Turbistan  10  to  Turbistan  00.  Surprising  results  are  obtained  with  FFA  and 
NASA  who  both  predict  a  He  increase  due  to  the  addition  o?  the  lowest  amplitude  cycle  (between  Turbistan 
1 0  to  Turbistan  GO). 

-  for  each  model  the  effect  of  small  cycle  is  similar  for  both  specimen  geomeines  but  differs  with  the 
material. 


4.5  Material  related  aspects 

Seme  features  of  the  crack  propagation  behaviour  and  of  the  predictions  differ  from  one  aBoy  to  another. 
Ti-6AMV  and  Ti17  exhibit  overall  results  quite  equivalent  although  it  appears  (Table  1 1)  that  the  efficiency  of 
a  Turbistan  flight  is  higher  for  Til  7  than  for  Ti-6AMV  IMI  685  exhhd  results  which  are  in  all  cases  lower  than 
for  the  hwo  other  alloys.  The  Tuibistan  efficiency  is  similar  (sightly  lower)  than  H-6AI-4V. 

A  comparison  between  both  ^-processed  alloys  can  be  tried  to  explain  the  difference  tn  Turbistan  efficiency. 
With  Til7.  in  the  low  K  range  the  small  cycles  are  more  efficient  than  for  IMI  685.  Due  to  the  coarser 
microst  lecture  of  I  Mi  685.  higher  crack  open  mg  levels  and  hence  tower  effective  stress  ranges  are  expected 
which  means  that  under  spectrum  loading.  Til  7  would  exhant  a  tower  crack  growth  resstance  to  small  cycles 
than  IMI  685 . 
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For  71-6AMV  it  is  difficult  to  cany  out  such  an  analysis  because  the  results  are  not  as  consistent  as  those  of 
the  {^-processed  alloys  (maybe  due  to  the  more  complex  microstructure). 


5  Conclusion 

The  different  crack  growth  prediction  models  which  have  been  used  here  generally  give  satisfactory  results 
That  is  specially  true  for  Type  1  to  3  sequences  (superposition  of  small  amplitude  cycle  on  low  cycle  fatigue 
cycles)  and  the  Turbistan  sequences  (representative  of  actual  disc  solicitations).  The  predictions  are  not  as 
accurate  for  Type  4  sequence  (representative  of  an  overload  effect).  This  tends  to  show  that,  for  Turbistan 
like  sequences,  the  important  point  to  take  into  account  is  the  stress  ratio  effect,  which  is  done  by  a9  models. 
Tne  integration  of  other  effects,  like  overload  or  underload  effects,  is  not  necessary  for  such  sequences. 
The  ‘equivalence*  of  the  different  models  which  has  been  demonstrated  here  can  not  be  *a  prion*  extended 
for  any  other  load  sequence. 

it  should  be  noted,  too.  that  three  of  the  participants  (CEAT,  NASA.  RR)  used  individual  base-line  data  sets 
for  the  two  different  specimen  geometries  (CT  and  CC).  This  means  that  uncertainties  and  inaccuracies 
which  might  arise  due  to  possible  errors  of  the  K  solutions  and  related  factors  such  as  the  constraint  present 
in  more  complex  real  components  have  been  totally  excluded  from  the  present  exercise. 
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THJAMV:  CASE  05  (SSTYPE1  for  CT  specimen  ) 
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H-6AI-4V:  CASE  09  (SSTYPE3  for  CT  specimen  ) 
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TI-6A1-4V:  CASE  11  (SSTYPE4  for  CT  specimen  ) 
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Fig.9  -  Ti-SAMV  Case  11 
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H-6AMV:  CASE  13  (  TURB10  for  CT  specimen  ) 
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T1-6AMV:  CASE  15  (TURB30  for  CT  specimen  ) 
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H-6AI-4V:  CASE  02  ( CST  AMP  R=0.1  for  CC  specimen  ) 
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Fig.14  -  Ti-SAMV  Case  02 


Ti-OAMV:  CASE  04  (  CST  AMP  R=0.7  for  CC  specimen  ) 
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H-6A1-4V:  CASE  06  (SSTYPE1  for  CC  specimen  ) 
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Fig.16  -  H-6AI-4V  Case  06 


Ti-6AI-4V:  CASE  08  (  SS  TYPE2  for  CC  specimen  ) 
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Fig.18  -  T1-6AJ-4V  Case  10 
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Fig.19  -  Ti-6AI-4V  Case  12 
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Fsg.21  -  Ti-6A!-4V  Case  16 
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Fig.23  -  Ti-6A1-4V  Case  20 
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Ml  685:  CASE  30  (  SSTYPE3for  CC  specimen ) 
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I  MI  685:  CASE  34  (TURB10  for  CC  specimen ) 
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CHAPTER  7 

COHCLOSIOKS  AW  RBCOWffiWATlCWS 
by 
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8012  Ottobrunn 
Germany 

and 


Eric  Jany 

Centre  d'Essais  Aeronaut ique  de  Toulouse  (CEAT) 
31056  Toulouse 
France 


1  Introduction 

The  preceding  chapters  have  presented  and  discussed  the  objectives 
related  to  this  large  collaborative  effort  as  veil  as  relevant  test 
techniques,  modelling  details  and  results  in  great  detail.  In  1988 
an  AGARD  report  had  been  published  on  the  results  obtained  vithin 
the  Core  Programme  [1]  which  represents  the  first  of  two  parts  of 
the  AGARD  Engine  Disc  Cooperative  Test  Programme-  The  major  issues 
treated  vithin  the  present  Supplemental  Programme  were: 

To  expand  the  initial  Ti-6A1-4V  data  base  to  other  titaniua 
materials  such  as  the  3-processed  IMI  685  and  Ti-17.  Here  again 
load  controlled  LCF  tests  were  carried  out  on  smooth  and  notched 
specimens  as  veil  as  crack  growth  tests  on  compact  tension  (CT) 
and  corner  crack  (CC)  specimens  under  constant  amplitude  load¬ 
ing. 

To  consider  variable  amplitude  and  spectrin  load  sequences  that 
vould  be  typical  of  compressor  disc  loading  conditions.  Aspects 
related  to  both  the  experimental  techniques  as  veil  as  to  mate¬ 
rials'  response  to  non-constant  amplitude  loading  are  being  dis¬ 
cussed. 

To  apply  and  evaluate  fatigue  crack  growth  modelling  techniques 
based  on  the  material/load  cases  of  the  Cooperative  Test  Pro¬ 
gramme  as  mentioned  above. 

Additionally  microstructural  and  fractographic  analyses  have  been 
undertaken  in  order  to  relate  macro  crack  grovth  behaviour  to  aicro- 
struc  tura?  features  and  intrinsic  material  properties.  In  this  final 
chapter,  some  main  aspects  and  results  are  summarized.  Conclusions 
and  recommendations  for  future  vork  are  given. 


2  Testing 

LCF  Saooth  and  Notched  Specimens 


These  tests  vere  carried  only  under  constant  aaplitude  loading  ap¬ 
plying  a  trapezoidal  vave  fora  with  R  =  0.1  and  a  nominal  frequency 
of  0.25  Hz.  Both  types  of  speciaens  vere  tested  under  load  control. 
For  saooth  speciaens  this  control  aode  might  turn  out  to  be  questio¬ 
nable  because  of  the  extensive  cyclic  creep  occurring  at  higher 
stress  levels.  Tests  under  strain  control,  however,  vere  beyond  the 
scope  of  the  present  programme;  they  are  considered  within  a  succes¬ 
sive  AGARO  test  programme  [2].  Despite  of  the  inherent  cyclic  creep 
effect,  the  data  produced  vere  very  consistent.  Scatter  of  the  IMI 
685  data  is  reduced  as  compared  to  the  TI-6A1-4V  data  created  within 
the  Core  Programme  (1]  although  this  Bight  be-in  part  -  a  conse¬ 
quence  of  the  higher  nunber  of  test  results  and  laboratories  invol¬ 
ved  in  the  Ti-6Al-4V  excercise. 


Crack  Growth  Tests  -  Constant  Aaplitude  Loading 

Siailar  to  the  LCF  tests,  constant  aaplitude  tests  vere  conducted  to 
expand  the  data  base  under  identical  conditions  as  in  the  Core  Pro¬ 
gramme.  The  results  again  turned  out  to  be  very  consistent  for  the 
vast  majority  of  tests. 

For  Ti-6A1-4V  it  had  been  found  in  the  Core  Programme  that  the  ave¬ 
rage  CC  crack  growth  data  vere  between  30  and  50  percent  slower  than 
the  respective  CT  data  for  given  AK  values  between  15  and  35  MPa/m 
II].  The  reason  for  this  difference  could  not  be  resolved.  Vi thin 
the  Supplemental  Programme,  trends  with  respect  to  the  effect  of 
specimen  geometry  vere  not  as  clear.  For  Ti-17  no  significant  influ¬ 
ence  of  the  specimen  geometry  was  observed,  whereas  for  Ti-6Al-4V 
again  lover  growth  rates  were  found  for  the  CC  geometry.  For  IMI 
685,  higher  rates  could  be  observed  for  CC  speciaens  at  low  tK 
levels  whereas  both  CC  and  CT  rate  data  merged  at  higher  £K  levels. 
This  can  be  rationalized  based  on  the  coarse  microstructure  of  that 
material  where  the  CC  crack  is  -  at  least  in  the  initial  stage  - 
shorter  than  nicrostructural  dimensions-  Considering  the  increasing 
coarseness  of  the  aicrostructures  of  Ti-6Al-4V,  Ti-17,  and  IMI  685, 
respectively,  it  might  be  speculated  whether  the  above  ranking  is 
connected  in  sose  way  to  aicrostuctural  effects.  However,  the  diffe¬ 
rent  (and  limited)  amount  of  individual  test  data  for  the  three 
materials  should  be  noted  which  prevents  final  conclusions. 


Crack  Growth  Tests  -  Variable  Amplitude  and  Spectrum  Loading 

Consideration  of  variable  amplitude  and  spectrum  loading  vas  one  of 
the  major  steps  beyond  the  scope  of  the  Core  Programme.  It  consisted 
of  an  overload  sequence  which  vas  required  for  the  identificaion  of 
basic  input  data  for  some  of  the  models,  three  "underload0  sequences 
and  four  TURBISTAN  sequences  vhere  small  cycles  vere  successively 
omitted  from  the  full  spectrum.  The  underload  sequences  (high 
R-ratio  constant  amplitude  cycles  interrupted  by  large  zero-max 


cycles)  represent  further  simplifications  of  the  complex  TURBISTAN 
cycle  which  is  typical  for  disc  loading  environment. 

The  results  obtained  for  the  complex  loading  sequences  were  again 
very  cons is tan t  providing  a  sound  basis  for  the  following  modelling 
excercise.  In  some  cases  where  large  deviations  from  the  major  data 
trend  were  observed,  fractographic  analyses  provided  insight  into 
the  mechanisms  responsible  for  those  findings.  An  excellent  analysis 
has  been  provided  for  Ti-6Al-4V  by  Vanhill  and  Looije  (see  Chapter 
2)  who  shoved  characteristic  microstructural  phenomena  to  control 
macroscopic  fatigue  crack  growth  vhich  may  be  different  for  constant 
amplitude  and  spectrum  loading  in  particular  at  low  Aft  levels.  This 
type  of  information  may  be  relevant  for  the  applicability  of  basic 
constant  amplitude  data  for  spectrum  crack  growth  prediction. 

Vith  respect  to  the  number  and  complexity  of  tests  conducted  by  many 
participants  within  the  whole  programme,  the  quality  and  consistency 
of  the  data  base  created  should  again  be  emphasized.  This  is  cer¬ 
tainly  a  consequence  of  the  efforts  of  the  laboratories  involved, 
but  also  confirms  the  quality  and  significance  of  the  detailed  Work¬ 
ing  Documents  [3-6]  providing  a  common  basis  for  all  participants. 
Thus  the  persons  involved  in  the  preparation  of  these  documents  pro¬ 
vided  a  valuable  input  to  the  whole  exercise. 


3  Modelling  and  Crack  Growth  Prediction 

Lifing  of  aero-engine  components  increasingly  requires,  or  totally 
relies  on,  fatigue  crack  crack  growth  assessment  under  consideration 
of  near-service  conditions.  Therefore,  crack  growth  modelling  repre¬ 
sents  one  of  the  essential  parts  of  the  Cooperative  Test  Programme. 
As  described  in  great  detail  in  Chapters  5  and  6,  prediction  of 
crack  growth  was  rather  accurate  for  the  bulk  of  test  cases.  It 
should  be  noted  that  in  most  cases  the  modellers  were  not  aware  of 
the  experimental  results  i.e.  "blind"  predictions  were  to  be  made. 

Some  major  conclusions  from  Chapter  6  are  repeated  here: 

Both  complex  models  taking  load-interaction  into  account  as  well 
as  more  sieple  non-interaction  models  produced  acceptable  re¬ 
sults  for  spectrum  loading  with  a  slight  superiority  of  the  sore 
complex  models. 

This  can  be  rationalized  by  the  nature  of  the  TURBISTAN  and  un¬ 
derload  sequences  where  the  major  contribution  to  damage  accumu¬ 
lation,  i.e.  crack  growth,  is  provided  by  the  frequent  zero-max 
cycles.  This  is  supported  by  the  relative  insensitivity  of  fati¬ 
gue  test  lives  to  severe  omission  of  small  cycles. 

The  overload  sequence  tests  are  appropriately  modelled  only  by 
the  complex  models. 

Using  individual  base-line  data  sets  for  each  of  the  two  speci¬ 
men  geometries  excludes  all  possible  uncertainties  and  inaccura¬ 
cies  vhich  might  result  from  K  calibrations  and  other  factors 
such  as  the  constraint  present  in  real  components. 
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Vithout  intending  to  detract  froa  the  success  of  the  Modelling  exer¬ 
cise,  it  should  be  pointed  out  (vhat  is  self-evident,  but  repeated 
here  again)  that  for  an  application  Many  further  aspects  have  to  be 
considered  such  as  the  definition  of  initial  crack  or  flaw  sizes, 
the  effect  of  teaperature  and  corrosion,  the  consideration  of  scat¬ 
ter  etc. 


4  General  Remarks 

As  already  Mentioned,  the  success  of  a  collaborative  effort  such  as 
the  AGARD  Engine  Disc  Cooperative  Test  Programme  is  dependent  to  a 
large  extent  on  the  quality  and  significance  of  guidelines  prepared 
to  share  experiaental  and  theoretical  studies  between  several  parti¬ 
cipants.  These  guidelines  have  been  discussed  vithin  the  working 
group,  but  prepared  as  Vorking  Documents  by  individuals  who  therefo¬ 
re  significantly  contributed  to  the  final  result.  It  is  recoaaended 
for  future  activities  siailar  to  the  present  one  to  devote  suffi¬ 
cient  tiae  and  energy  to  the  preparation  of  guidelines  or  vorking 
docuaents- 

Vith  regard  to  the  topic  of  the  present  prograaae,  it  is  unfortunate 
that  only  one  engine  aanufacturer  took  part  (with  a  reduced  set  of 
predictions)  in  the  Modelling  excercise.  This  nay  be  understandable 
from  a  coapetition  point  of  view,  but  nevertheless  a  more  active 
role  would  have  been  desirable  in  particular  with  regard  to  real 
application  probleas.  Manufacturers  have  supported  the  programme 
through  delivery  of  aaterials  and  speciaens  which  is  very  much 
appreciated. 

Finally  it  should  be  emphasized  that  projects  like  the  present  one 
are  only  possible  as  collaborative  programmes  due  to  obvious  reasons 
of  cost,  but  an  equally  important  aspect  can  be  seen  in  bringing 
together  experts  from  different  areas  and  countries  and  encouraging 
exchange  of  ideas  and  expertise.  Therefore,  this  type  of  effort 
should  be  continued  in  the  future. 
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